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V l l l 
SUMMARY 
An ana ly t ica l study was made of laminar flow in the thermal 
entrance region of a ve r t i c a l c i r cu la r tube with uniform wall temper-
a tu re . The most important assumptions were that the veloci ty prof i le 
at the entrance to the heated section was parabol ic , that the tempera-
ture was uniform a t t h i s point , and that the rad ia l veloci ty was 
neg l ig ib le . The physical propert ies (viscosity, densi ty, thermal con-
duc t iv i ty , and heat capacity) were allowed to vary in a r e a l i s t i c manner. 
The objectives of the study were, f i r s t , to develop a mathematical model 
describing the physical s i tua t ion ; second, to find a method of solution 
for t h i s model; and, f ina l ly , to present , in useable form, numerical 
resu l t s useful in design calculat ions and related work. 
The general d i f f e ren t i a l equations of cont inui ty, motion, and 
energy were reduced, using the assumptions above and a boundary layer 
ana lys is , to a simplified form which describes the physical s i tua t ion . 
The resul t ing equations were then approximated by a numerical scheme. 
The energy equation, which is non-l inear , was approximated by a f i n i t e 
difference scheme which circumvented the problem of non- l inear i ty without 
resor t ing to i t e r a t i v e calculat ions- The scheme is .-Implicit; i . e . , i t 
was necessary to solve a system of simple l inear algebraic equations. 
The equation of motion reduced to two multiple i n t eg ra l s . Special 
numerical quadrature formulas were developed to evaluate these in tegra ls 
to achieve a high degree of accuracy. The magnitudes of rad ia l veloci ty 
components were estimated by integrat ing the d i f f e ren t i a l equation of 
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continuity using the trapezoidal rule. The numerical scheme was imple-
mented on a Burroughs 220 Data Processing System. 
The results from the numerical solution(velocity and tempera-
ture profiles) were combined and operated upon by the computer to give 
mean temperatures, local Nusselt numbers, and friction factors. 
To check the potential accuracy of the numerical scheme devel-
oped, a comparison was made between the classical Graetz solution (l) 
and the numerical scheme applied to the case of constant physical 
properties. The agreement was within one per cent over the range ir 
which the Graetz solution is valid. As a further test of the suita-
bility of the scheme, a comparison was made between computed results 
and the experimental data of Martinelli and co-workers (9)» The agree-
ment was within ten per cent, usually within five per cent-
The final objective of the study was to present results, useable 
for design and related calculations, sufficient to cover most commonly 
encountered calculations. It was desired to give results for heating 
in upflow, heating ±Q downflow, cooling in upflow, and cooling in down-
flow. To present these results in a useable form, it was necessary to 
find correlation parameters so that results for several types of common 
substances could be treated as functions of a minimum number of varia-
bles. By assuming that very approximate equations relating density and 
viscosity to temperature would be sufficient to find correlation param-
eters, it was found, that the Peclet number divided by the dimensionless 
axial coordinate, Pe/z, the ratio of the entrance and wall viscosities, 
u /u , and a free-convection parameter, Fc = 2(Re/Fr)(p - p )/(p / p ) 
•o' w' * ' K ' ' iHw o ' x w ' o 
were adequate to correlate the results if the heat capacity and thermal 
X 
conductivity were constant. It was then assumed that the latter two 
physical properties could be taken into account by evaluating Pe at a 
suitable temperature. 
These assumptions proved correct: it was found that results 
for water, an oil, air, and helium were indeed functions of \i /\i , 
Fc, and Pe/z only. It proved necessary, however, to treat liquids and 
gases separately. For the local Nusselt number, the proper tempera-
ture at which to evaluate Pe proved to be the mean temperature. For 
correlating the mean temperature itself, it was likewise found neces-
sary to evaluate Pe at the mean temperature. The wall temperature was 
found to be the correlating temperature for the friction factor. The 
local temperature, i.e., the temperature at the point in question, was 
found to be the proper temperature for correlating velocity and tempera-
ture profiles. 
It was found that, using these temperatures, the results for the 
oil and water correlated closely under all conditionso This is felt 
to be especially significant, because the physical properties of the 
two substances are quite different; further, they vary in distinctly 
different ways with temperature. In general 1, the results for gases do 
not correlate well with those for liquids---probably because the density 
variation with temperature for gases is so different from that for 
liquids that free-convection forces are significantly affected. For 
small temperature differences, the results for gases and liquids do 
agree--and in this case, the density vs. temperature curve for gases can 
be considered to be almost linear, as is the case for liquids. Also, 
the results for liquids and gases were found to agree when free-convection 
XI 
effects are small. The results for two relatively dissimilar gases, air 
and helium, were found to correlate well under all conditions. 
Because the correlation methods appear to be satisfactory, the 
final objective of the study could be achieved: results over the 
range of most practical interest were computed and are presented in 
tables and graphs as functions of the pertinent correlating parameters. 
For liquids, viscosity ratios, |i /u , of 0„05, 0.1, 0.2, 0.5, 1, 2, 5, 
O i/V 
10, and 20 were cons idered ; for g a s e s , r a t i o s of 0 . 5 , 0.667* 1* 1*5 > an<3-
2 were i n v e s t i g a t e d . Free-convect ion pa ramete r s , Fc, of -200, -100, 
- 0 . 1 , 0 . 1 , 100, 200, 400, and 800 were s tud ied for each v i s c o s i t y r a t i o . 
Resul t s a r e given in the range 10^Pe/z^l0 , s ince t h i s seems t o be the 
range of most p r a c t i c a l importance. 
For t h e o i l , because of i t s l a r g e P r a n d t l number, i t was found 
t h a t a s i g n i f i c a n t change in the i n i t i a l v e l o c i t y p r o f i l e ( e . g „ 
p a r a b o l i c t o f l a t ) caused n e g l i g i b l e change in the tempera ture p r o f i l e . 
This occurs because the l a r g e r the P r a n d t l number, t he f a s t e r t he v e l o -
c i t y p r o f i l e develops compared t o t h e tempera ture p r o f i l e . This means 
t h a t t h e r e s u l t s for t h e o i l a r e e s s e n t i a l l y independent of the i n i -
t i a l v e l o c i t y p r o f i l e shape. Thus, t h e r e s u l t s a r e a p p l i c a b l e t o flows 
wi th i n i t i a l l y f l a t p r o f i l e s as we l l as developed p r o f i l e s . For wa t e r , 
w i th a P r a n d t l number of about f i ve a t room t empera tu re , i t i s inexact 
to assume t h a t t he r e s u l t s a r e independent of t h e i n i t i a l v e l o c i t y 
p r o f i l e shape- -but the approximation i s not too bad in many c a s e s . For 
g a s e s , t he r e s u l t s must be app l i ed only t o cases in which the i n i t i a l 
p r o f i l e i s p a r a b o l i c . 
Xll 
In cases where Fc is less than 10.0 (free convection negligible), 
the results of this study niay be applied equally well to horizontal 
tubes and vertical tubes. 
The results of this study suggest that further experimental 
work is required, particularly in regions where flow becomes unstable 
(undergoes transition to turbulent flow). Further analytical work is 
needed, particularly including consideration of developing velocity pro-
files and of flow in horizontal tubes in cases where free-convection 
effects are important. 
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NOMENCLATURE 
In t h i s t a b u l a t i o n , dimensions a r e given in. terms of mass (M' ) , 
l eng th ( L ' ) , time ( f ) , and tempera ture ( T 1 ) . Dimensional q u a n t i t i e s 
a r e u s u a l l y (but not always) primed in t h i s s tudy; non-dimensional 
q u a n t i t i e s a r e not primed. Symbols used in a pu re ly mathematical sense 
















D e f i n i t i o n 
a r e a ( v e c t o r q u a n t i t y ) 
a r ea ( s c a l a r q u a n t i t y ) 
c o e f f i c i e n t in v i s c o s i t y - t e m p e r a t u r e funct ion 
-2 - (Rep. c u. (Ar) )/k Az 
i n Pin in 
heat capacity, c'/0' 
p po 
heat capacity 
heat capacity evaluated at 
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' v m o 
heat capacity evaluated at T' 
heat capacity evaluated at local temperature 
heat capacity evaluated at temperature T' 
control volume 
tube diameter 
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hypothetical friction factor resulting 




Froude number, v /g rD 
magnitude of accelerat ion due to gravi ty 
accelerat ion due to gravi ty in 
2-direct ion 
pressure gradient , dp/dz 
pressure gradient due to fluid f r ic t ion 
pressure gradient due to gravi ty 
Grashof number, D^p'g P f T ' - T ' V a ' 2 ' Ko°z v w o ' ro 
Grashof number evaluated a t wal l , 
D3p'g P ( T ' - T ' ) / y 
K O ° 2 v W O ' " w 
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based on wall-to-mean temperature 
difference 
average heat t ransfe r coeff ic ient , 
based on arithmetic mean temperature 
difference 
average heat transfer coefficient, 









































enthalpy, H'/c' T' 
yQ o 
enthalpy 
thermal conductivity, k' /k' 
thermal conductivity 
thermal conductivity evaluated at 
l/2 (T' + T') ' v o m 
thermal conductivity evaluated at 
local temperature 
thermal conductivity evaluated at T' 
J m 
thermal conductivity evaluated at T' 
J o 
thermal conductivity evaluated at T' 
length 
mass 
number of increments into which tube 
radius is divided; i . e . , N = R/Ar 
local Nusselt number, hD/k1 
3 ' m 
Nusselt number based on arithmetic 
mean temperature difference, h D/kl 
^ am ' A 
of order no greater than x 
pressure, p ' / p T 
pressure 
pressure drop 
hypothetical pressure drop resulting 
if fluid were flowing isothermally at 
wall temperature 
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P e c l e t number evaluated a t 1/2 
(T1 + T ' ) , DVp'c' /k. ' s o m ' ' o p . A 
.TT 
Peclet number evaluated at temperature 
prevailing at z and r being considered, 
m^jK 
P e c l e t number evaluated a t T1 , 
m ' 
Po° ° 
DVp'c' / k 
0 P™ ] m 
P r a n d t l number, c^ M.̂ /k 
rr 
/ p rd r 
P i / 2 
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d imens ion less 








experimentally determined rate of heat 
transfer from wall to fluid 
predicted rate of* heat transfer from 
wall to fluid 
rate of heat transfer from tube wall 
to fluid 
r a d i a l c o o r d i n a t e , r ' / D 
r a d i a l c o o r d i n a t e , measured from c e n t e r 
of tube 
increment of l eng th in r a d i a l d i r e c t i o n 
tube r ad iu s 
Reynolds number, DVp'/u ' 
M ' L ' 2 / t ' 3 
M ' L ? 2 / t ' 3 





























Reynolds number evaluated at wall, 
DVp'/u' 
o' ̂ w 
time 
temperature, (T'-T1)/(T'-T') 




initial temperature at entrance to 
heating section of tube 
mean temperature 
temperature at tube wall 
mean temperature difference 
a x i a l v e l o c i t y , u ' / v 
a x i a l v e l o c i t y 
r a d i a l v e l o c i t y , v ' / v 
r a d i a l v e l o c i t y 
pvr 
average velocity at entrance to beating 
section of tube 
total velocity (vector quantity) 
rate of fluid flow 
axial coordinate, z'/D 
axial coordinate, measured from start 
































increment of length in axial direction 
initial increment of length in. axial 
direction 
correction factor for effect of viscosity on 
free convection 
coefficient of thermal expansion of 
fluid 
r a t i o of specific heats 
quanti ty small compared to unity 
correction factor for effect of v i scos i ty 
on free convection 
correction factor for effect of free 
convection on mean temperature 
v i scos i ty , u ' /u ' 
v i scos i ty 
v i scos i ty evaluated a t T 
v i scos i ty a t tube wall 
densi ty , P ' / P Q 
density 
densi ty evaluated a t T. 
densi ty evaluated a t T' 
density a t tube wall 
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A basic uaderstanding of problems of heat t ransfe r and fluid 
f r ic t ion in laminar flow inside tubes has been sought by numerous in-
vest igators for many years . Several problems of in te res t have been 
solvedj many more have not . In pa r t i cu la r , there has long been a need 
for an extensive study of non-isothermal flow in which the effect of 
temperature on the physical propert ies of the flowing fluid is taken 
into account. The resu l t s of such a study would be of immediate prac-
t i c a l value in indus t r ia l design, in suggesting further experiments, and 
in contributing to the general fund of basic knowledge. 
This study was an attempt to examine ana ly t i ca l ly one of the many 
important problems in t h i s area: laminar flow in the thermal entrance 
region of a ve r t i c a l c i rcu la r tube with uniform wall temperature. The 
special feature of t h i s study was that a l l the physical propert ies of 
the flowing f lu id- -dens i ty , v i scos i ty , thermal conductivity, and heat 
capacity—were considered to be functions of temperature in a r e a l i s t i c 
manner. 
The objectives of th i s study were: (.1.) to develop a mathe-
matical model to describe the physical s i tua t ion , basing t h i s model on 
the general d i f f e ren t i a l equations of cont inui ty, motion, and energy; 
(2) to solve th i s mathematical model using numerical techniques; and 
(3) , to obtain resu l t s for a large number of cases of prac t ica l in te res t 
2 
and to correlate these results in a useable fashion for design calcu-
lat ions. 
As mentioned above, a number of important solutions for special 
cases of heat transfer from a circular tube to a fluid in laminar flow 
have been presented in the literature. An analytical solution was first 
reported by Graetz (l) for the case of constant physical properties, 
constant tube wall temperature, and fully developed velocity profile. 
With improvements and extensions (2,3) which have later appeared, this 
problem appears to have been completely solved. 
Important variations of this problem, have likewise been considered: 
constant wall heat flux (4), transient conditions (5;>6), and frictional 
heating (7). The effect of developing velocity profile was considered 
and solved by Kays (8). 
For many practically important flows, however, the assumption of 
constant physical properties is not adequate--ur_.der conditions in which 
there are large variations in physical properties, these idealized sol-
utions do not agree with experiment (9)» Accordingly, later investi-
gators began to study the effect of variable properties (10.,11,12,13,14, 
15,l6,17)« The more significant of these attempts are discussed below. 
Cherry (17) and Yamagata (10) studied the effect of variable 
viscosity on pressure drop and heat transfer in the thermal entrance 
region by assuming that, as a first approximation, the temperature pro-
files given by isothermal solutions are correct. From these tempera-
ture profiles, the velocity pî ofiles were computed. The major limita-
tions of this work are that free-convection effects were not considered 
and that there is no really satisfactory method of determining how good 
3 
the approximation to the temperature prof i le i s . 
A l a t e r study by Mart inel l i and Boelter (15), based largely on 
physical reasoning, included only the effect of free convection. These 
authors derived the form of a semi-theoret ical equation which predicted 
that the ari thmetic mean Nusse.lt number would depend on the groups 
Pe /z and Gr /Re in a prescribed fashion<• When applied to experi-
mental data (9)* however, the model was only p a r t i a l l y successful, even 
when one constant was empirically adjusted. 
Pigford (11) realized that r e a l i s t i c attempts to theore t i ca l ly 
describe laminar flow in a heated ve r t i c a l tube must take into account 
both the var ia t ions of density and v iscos i ty with temperature. Pigford 
assumed that the temperature f ield may be described by Leveque's solution 
of the energy equation (18). He then showed that i f i t is assumed that 
P = P, 1 - P(T
5 - T') 
1. + b(T' - T') 
(1) 
(2) 
the resul t ing conditions can be described by the groups |~i /u , Pe/z , 
o w 
and Gr /Re „ w' w 
Rosen and Hanratty (16) discussed Pigford rs solution and attempted 
to present an improved solution of the integral, type, assuming the same 
functions as Pigford for density and viscosity, a developed velocity 
profile, but retaining the inei-tia terms in the equation of motion, 
which Pigford did not do. Unfortunately, the agreement between their 
calculations and experimental Nusselt numbers is not satisfactory. 
k 
Scheele et al. (19) report some valuable experimental observations. 
They found that, in experiments on the heating and cooling of water in 
vertical tubes, distortions in the velocity profiles caused the flow 
to become turbulent at Reynolds numbers far less than in isothermal 
flow. In particular, they found, in visual experiments, that when 
cooling in upflow, transition appeared soon after the velocity gra-
dient at the wall became zero and a reversal of flow occurred. For 
heating in upflow, instabilities were always observed downstream of 
the point where the center-line velocity dropped to zero. 
Martinelli and co-workers (9) presented a vast amount of experi-
mental data for heating an oil and water, Including both heat transfer 
and pressure drop data. Watzinger and Johnson (20) measured velocity 
profiles in cooling water. 
Koppel and Smith (12) presented a numerical solution for laminar 
flow heat transfer with variable physical properties. They analytically 
examined the behavior of carbon dioxide near the critical point, where 
the physical properties change radically with temperature. Their method, 
while probably quite adequate for their investigations, cannot be used 
for the wide variety of conditions considered in this study because of 
their assumption that the product of axial, velocity and density is a 
function of radius only. Despite the fact that continuity indicates 
that the rate of change of axial velocity with axial position is small 
does not imply that, over a sufficient distance, the total change is 
insignificant. A solution which attempts to be compatible with experi-
mentally measured velocity profiles must allow for such a change. Proof 
of this statement is evident upon examination of the profiles measured 
by Watzinger and Johnson (20). 
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CHAPTER II 
DEVELOPMENT OF EQUATIONS AND METHOD OF SOLUTION 
In this chapter, the problem being solved is explained in detail. 
The general differential equations of continuity, momentum, and energy 
are first reduced to simplified forms which, along >; ith the pertinent 
boundary conditions, describe the physical situation of interest. 
These equations are then replaced by finite difference approximations, 
suitable for solution on a high-speed digital computer. This chapter 
is of a summary nature with most of the details in Appendices A, B, C, 
D, and E. 
Statement of Problem.--The type of flow considered here is the steady 
laminar flow of a Newtonian fluid, either upward or downward, in a ver-
tical tube. At the entrance to the heating section of the tube, the 
velocity profile is considered to be parabolic„ Further changes in the 
velocity profile are assumed to be due to physical properties variations 
and not to radial velocity components, which are assumed to be small. 
The flow is assumed to be axially symmetric, the angular velocity is 
assumed to be negligible, and the Mach number is assumed to be much less 
than unity. The bulk viscosity is assumed to be zero, and the Peclet 
number is assumed to be greater than about ten. 
The fluid is assumed to be initially at a uniform temperature 
T'. Starting at the entrance to the heating section, the tube wall 




Development o f E q u a t i o n s . - - U n d e r t h e a s s u m p t i o n s a b o v e , t h e g e n e r a l equa-
t i o n s g i v e n b y B i r d , S t e w a r t , and L i g h t f o o t ( 2 1 ) a r e shown i n Append ix 
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The boundary conditions associated with the energy equation, {^), are 
1/2 , T = 1 
0, 
dT 




z = 0, 1: 0 (7) 
The symbols used i n t h e s e e q u a t i o n s a r e g i v e n i n t h e N o m e n c l a t u r e s e c -
t i o n . 
N u m e r i c a l Scheme.—To s o l v e t h e s y s t e m of e q u a t i o n s ( 3 ) , ( 4 ) , and ( 5 ) , 
s u i t a b l e n u m e r i c a l methods were d e v e l o p e d . I t w i l l b e n o t e d t h a t t h e 
e n e r g y e q u a t i o n i s n o n - l i n e a r s i n c e p , c , and k a r e f u n c t i o n s o f tern-
p e r a t u r e , and t h a t t h e e q u a t i o n s a r e c o u p l e d in. t h a t t h e t e m p e r a t u r e 
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field is dependent on the velocity field and vice versa. 
It was decided to develop a numerical scheme which would circum-
vent the problems of non-linearity and interaction between equations. 
Further, the desired scheme had to be stable and possess sufficient 
accuracy per unit computational effort that useable results could be 
obtained without excessive use of computer time» Such a scheme is 
developed in Appendix B. The scheme is so algebraically complicated 
that there could be little gain in clarity in reproducing it in this 
section. 
The numerical scheme developed was programmed for a Burroughs 
220 Data Processing System. A discussion of the program, including 
a flow sheet and the program itself, is given in, Appendix C. 
Application of the program to a specific substance requires 
that the physical properties of the substance (p3, c', k!, and u') 
be represented by reasonably accurate empirical equations„ The phy-
sical property data and corresponding empirical equations for the sub-
stances considered in this analysis are given in Appendix E. 
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CHAPTER I I I 
DEVELOPMENT OF CORRELATION SCHEME 
A major o b j e c t i v e of t h i s s tudy was t o develop a d e t a i l e d 
numer ica l scheme for so lv ing t h e problem for any given r e a l m a t e r i a l , 
but i t was a l s o considered q u i t e important t o p r e sen t s o l u t i o n s for 
as many cases as p o s s i b l e as compactly as p o s s i b l e . This means t h a t 
i t was neces sa ry to f i nd , i f p o s s i b l e , p r a c t i c a l , semi-empi r ica l co r -
r e l a t i o n s of t h e r e s u l t s for subs tances of varying p h y s i c a l p rope r -
t i e s . In t h i s chap t e r , a d i s c u s s i o n of determining s u i t a b l e parameters 
for c o r r e l a t i n g T , Nu, f / f , v e l o c i t y p r o f i l e s , and tempera ture p ro -
f i l e s fo r d i f f e r e n t subs tances i s g iven . 
At f i r s t g l a n c e , t h i s t a s k might appear h o p e l e s s - - v i s c o s i t y , 
d e n s i t y , thermal c o n d u c t i v i t y , and heat c a p a c i t y va ry from subs tance t o 
substance in d i f f e r e n t ways. F u r t h e r , simple express ions such as those 
used by Pigford (11) f o r d e n s i t y and v i s c o s i t y va r i a t i on , , 
1 - P(T! - r ) 
1 + b (T : - T : ) v o 
(8) 
(9) 
are not adequate over wide ranges of temperatures for many substances 
of interest. Still, these approximations Eire descriptive of general 
trends in physical property variation. 
By substituting equations (8) and (9) into his theoretical 
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equat ions d e s c r i b i n g the phys i ca l s i t u a t i o n and non-d imens iona l i z ing , 
Pigford showed t h a t t h e s o l u t i o n t o h i s problem was a funct ion of \i /p. , 
P e / z , and Gr /Re on ly . Suppose we assume t h a t LL /LL , P e / z , and Fc -
' w' w o' w 
(Re/Fr)P(T' - T! ) = (Gr /Re ){\i /\i ) a r e the c o n t r o l l i n g parameters for w o w w o w 
the more gene ra l problem considered h e r e , even though equat ions (8) 
and (9) by no means f i t t he da t a w e l l . This c o r r e l a t i o n procedure might 
be expected t o succeed i f the r e s u l t s do not depend c r i t i c a l l y on the 
parameters \i /\i and Fc ( i . e . , i f a 10-20 per cent change in the va lues 
of t he se parameters changes t h e r e s u l t s very l i t t l e ) . At l e a s t one 
modi f ica t ion i s n e c e s s a r y , however: in t he Grashof number, t h e q u a n t i t y 
P(T' - T ' ) a p p e a r s . I f P i s a c o n s t a n t , as assumed by P ig fo rd , t h e r e i s 
no f u r t h e r problem wi th t h i s term. However., f o r subs tances such as a i r 
and wa te r , f3 v a r i e s g r e a t l y wi th t empera tu re . We n o t e , however, t h a t i f 
= p o 
[1 - p(TE - T ; ) ] (10) 
then 
p' = p' |"l - (T* - T : ) w o [_ w o (11) 
or 
P - P p - p 
P ( T ' - T ' ) = ° ,
 w - — ^ (12) 
w o P Q P Q 
It seems evident that this approximation can be improved by replacing 
p(T' - T1) by 2(p - p )/(p + p ). For liquids, this is virtually 
equivalent to the result (12). For gases, however, where the density 
change can be so large, the latter replacement appears to be more 
satisfactory. In fact, for gases, where p'V'l/f , 
10 
(T1 - T ' )P v w o 
( T ' + T 1 ) K ^ o ' w 
v w o 
2 ( p o - Pw> 
ucnrr ™ 
To give the sign of the free-convection parameter some meaning, i t 
is defined to be Fc = 2(Re/Fr)(p - p )/(p + p ) . For heating, p. - p 
W O ' O W ' W O 
is negative. For upflow, the Froude number, v /g D, is negative (g = -g); 
for downflow, it is positive. Thus, for heating in upflow and cooling in 
downflow, in which free-convection forces aid forced convection, Fc is 
positive. It is negative when free convection opposes forced convection. 
Guided by these considerations the term P(T! - T1) was replaced 
in the Grashof Number by the more general term 2(p - p )/(p + p ). 
J ° v Kw Ko o *w7 
To summarize, the controlling parameters were felt to be 
Fc = 2(Re/Fr)(p - p )/(p + p ), Pe/z, and u /u . It must be made clear 
that if the empirical equations for physical properties used in this study 
are substituted into equations (3)> (*0 > and (5) "the groups Fc, JJ. /jj. , 
and Pe/z do not appear as theoretical correlating parameters; these 
groups were found by considering much simpler case. It was felt that 
groups found for the simple case were approximately applicable to the 
more complicated situation. 
Still left unanswered is the question of the effect of variable 




DISCUSSION OF RESULTS 
In this chapter, the numerical scheme discussed in Chapter II 
and the correlation scheme discussed in Chapter III are confirmed. 
With these techniques thus verified, they sire used to produce sig-
nificant amounts of results for general design and research use with 
liquids and gases. 
Comparison with Graetz Solution.--As a first check on the accuracy of 
the numerical scheme, the classical Graetz problem (discussed in detail 
by Jakob (18)) was solved using the numerical scheme, and the results 
were compared with the analytical solution of Graetz. Numerical, values 
for the Graetz solution were computed using all the eigenvalues pres-
ently available, the eleven reported by Brown (2). A comparison between 
the Graetz and numerical solutions for Nu, Nu , and T is given in 
' am' m 
Table 1. 
It is seen that below Pe/z = 1.000, the agreement is quite good, 
suggesting strongly that the interval sizes chosen (Ar ~ 0.025, (As) = 
10 Pe) are quite adequate for describing the problem. Of particular 
interest is the fact that the local Nusselt number agrees quite well 
with the analytical value over most of the range of the solution. This 
lends a great deal more confidence to the solution because, in calcu-
lating the local Nusselt number, it is necessary to take a numerical 
derivative of the computed temperatures at the tube wall. The close 
agreement between numerical and analytical solutions thus means that 
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Table 1. Comparison of Graetz Solution and Numerical Solution. 
Arithmetic Mean Local Nusselt 
Mean Temperature Nusselt Number Number 
Pe/z Numerical Graetz Numerical Graetz Numerical Graetz 
10000 0.0128 o.oi64 32.2 41.3 28.2 16.5 
6250 0.0177 0.0202 28.0 31.8 22.1 15.7 
5000 0.0206 0.0226 26.0 28.6 19.8 15.2 
2000 0.0377 0.0385 19.2 19.6 13.4 12.5 
980 0.0600 0.0605 15.3 15.2 10.3 10.0 
746 0.0715 0.0719 13.8 13.9 9.31 9.17 
435 0.101 0.101 11.6 11.6 7.71 7.68 
220 0.154 0.154 9.20 9.21 6.18 6.18 
97.1 0.255 0.253 7.08 7.04 4.82 4.88 
64.9 0.322 0.321 6.21 6.19 4.36 4 .4 l 
43.3 o.4o6 0.403 5.51 5.47 4.02 4.06 
20.5 0.599 0.597 4.39 4.37 3.72 3.72 
18.6 0.628 0.626 4.26 4.24 3.67 3.70 
10.0 0.811 0.810 3.4l 3.41 3.64 3.66 
the numerical results must be quite accurate. 
For Pe/z > 1000, the agreement is not so good; however, the in-
accuracy seems to be more in the Graetz solution than in the numerical 
solution. Even with eleven eigenvalues, accuracy seems to be lost above 
Pe/z = 1000, as a plot of the values in Table 1 shows. The Leveque 
solution (18) is perhaps a closer approximation here, but its accuracy 
is questionable. For example, Jakob (18) reports that a very good fit 
to the Leveque solution is 
T m= 6.55 (Pe/z)"
2^ (14) 
However, this approximation nowhere converges to the Graetz solution; 
the solutions simply do not meet. The numerical solution has about 
the same -2/3 slope on a log-log plot as the Leveque solution for Pe/z 
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up to 10,000; accordingly, the numerical solution may be accurate even 
in this region, 1000 < Pe/z < 10,000. Since this cannot be proved, 
however, the results in this region must be regarded with less confi-
dence than those in the range 10 < Pe/z, < 1000. A plot of the Graetz, 
Leveque, and numerical solutions is given in Figure 1. 
It should be noted also that the agreement between the analyti-
cal and numerical solutions gives strong empirical support to the idea 
that the numerical scheme used is indeed stable and convergent. 
Near Pe/z = 10, the local Nusselt number begins to oscillate„ 
This oscillation does not indicate instability, for the actual solu-
tion (temperature profile) and the mean temperature behave normally. 
Rather, it is indicated that as the temperature profile becomes more 
highly developed, accuracy is lost in the calculation of the local 
Nusselt number, since differences of numbers of comparable size are 
involved. As discussed later, this problem is ever, more severe in cases 
where the temperature profile develops still faster. Accordingly, 
local Nusselt numbers must be regarded with suspicion for Pe/z near 1.0. 
Fortunately, this quantity is of little practical value in most appli-
cations. 
Comparison with Experiment.--The next step in. establishing confidence 
in the numerical scheme is comparison with experimental data. A large 
amount of data were reported by Martinelli and co-workers (9) for heat-
ing water and an oil in vertical tubes under conditions compatible with 
the assumptions made in this study. A summary comparison of experi-
mental and computed results and the range of the experimental results 
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Figure 1. Comparison of Constant Physical Property Solutions H -£-
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Table 2. Comparison with Experiment. 
Run Sub-
q* exp, q c a l c , 
I n v e s t i g a t o r No. s tance Re P r z n /M-^0 w Fc Btu /h r B tu /h r 
Alves & 
Southwell 4 o i l 516 6 8 0 602 17 1 15.860 15,240 
Alves & 
Southwell 13 o i l 76.7 711 602 18 5 6,890 6,710 
Alves & 
Southwell 15 o i l 7.33 697 602 18 62 1,937 1,977 
Alves & 
Southwell 20 o i l 33.9 741 602 19 12 5,250 4,840 
Alves & 
Southwell 2 7 o i l 2150 244 602 6 1 13,780 12,730 
Alves & 
Southwell 4a o i l 516 680 297 17 1 10,370 10,310 
Alves & 
Southwell 13a o i l 76.7 711 297 18 5 4,700 4,550 
Alves & 
Southwell 15a o i l 7.33 6 9 7 297 18 62 1,852 1,680 
Alves & 
Southwell 20a o i l 33.9 741 297 19 12 3,670 3,360 
Alves & 
Southwell 27a o i l 2150 244 297 6 1 8,330 8,420 
Weinberg 5a o i l 490 463 126 12 1 3,950 3,879 
Weinberg 7a o i l 285 599 126 15 1 3,57^ 3,850 
Weinberg 4 7 water 1769 6 .33 126 3 314 7,500 7,200 
Weinberg 48 water 1567 6.24 126 3 570 6,980 7,360 
rBased on rate of steam condensation. 
In this table, calculated rates of heat transfer are compared 
with those measured experimentally. The heat transfer rates and experi-
mental conditions were reported by Martinelli (9); Re, Pr, \i /|a ., Fc, and 
O w 
q ., were calculated in this study. The discrepancies appear to be well 
calc 
within the experimental error generally experienced by these experimenters, 
Another type of comparison is shown in Figure 2. Martinelli e_t al. 
reported a large number of runs with virtually the same viscosity ratio, 
IU • 1 
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Figure 2. Comparison of Calculated and Experimental Nusselt Numbers ô  
\i /\i , and with free-convection parameters less than about five (which 
means tha t free-convection effects were negl ig ible in these runs) . 
Accordingly, i t is an in teres t ing confirmation of the theories in t h i s 
study that these experimental ari thmetic mean Nusselt numbers l i e quite 
near the computed resu l t s using the conditions of only one of these 
runs (run 13 of Alves and Southwell). I t is important to note that 
free convection is not important in these runs. The deviation of the 
resu l t s from the Graetz solution (which is plotted for comparison) i s 
due almost en t i r e ly to the effect of temperature on v i scos i ty . This 
emphasizes that the effect of v iscos i ty var ia t ion can be s ign i f ican t . 
I t w i l l be noted that only two of the many runs using water 
reported by Mart inel l i are l i s t ed in Table 2 . This is because in. a l l 
other reported water runs the flow became unstable before reaching the 
tube exi t - -unstable in the sense that the center - l ine veloci ty dropped 
below zero. In fac t , in run kQ, the center - l ine veloci ty dropped below 
zero before the tube exit was reached, but the r e su l t s were extrapolated 
to the tube ex i t . Scheele et a l . (19) report tha t i n s t a b i l i t y always 
resu l t s downstream of the point where the center - l ine veloci ty drops 
to zero, but that t h i s i n s t a b i l i t y may be only incipient a t t h i s 
point - - the flow may continue without t r ans i t ion for some lengthu Once 
any velocity drops below zero, however, the numerical scheme becomes 
unstable, as a glance a t Appendix D wi l l reveal , so calculat ions must 
be terminated a t t h i s point . Thus, there is some unknoivn length from 
the point where the flow shows a tendency to i n s t a b i l i t y to the point 
a t which the flow ac tua l ly becomes unstable. I t was assumed tha t , in 
run kd, the flow did not ac tua l ly undergo t r ans i t ion to turbulence. 
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Mart inel l i (9) also reported pressure drop data which can be 
compared with the computed r e s u l t s . Unfortunately, the t o t a l pressure 
drop is not reported--only the pressure drop due to f r i c t iona l forces 
is given. This is unfortunate because in several of the runs, the 
pressure drop due to gravi ty is qui te large compared to the f r i c -
t iona l pressure drop. To compute the f r i c t iona l pressure drop, i t 
was necessary to subtract the gravi ty head from the t o t a l head--two 
numbers of qui te often comparable s i ze . Further, the gravi ty head 
cannot be calculated with accuracy without knowing the mean tempera-
ture at each point in the tube. Unfortunately, t h i s mean temperature 
was measured by Mart inel l i and co-workers a t only two points , and had 
to be estimated a t other poin ts . Consequently, ra ther strange resu l t s 
were reported in some cases--for example, Alves and Southwell report a 
posi t ive pressure gradient for run 9—a r e su l t probably due to incor-
rec t ly estimated values of mean temperature. 
With these l imita t ions in mind, a comparison between experimental 
and c a l c u l a t e d p r e s s u r e g r a d i e n t s i s shown i n F i g u r e 3 f ° r two r u n s i n 
which the f r i c t iona l pressure drop was of comparable magnitude with the 
gravity head. I t w i l l be noted that the agreement is f a i r l y good--for 
lack of more information, the discrepancy can eas i ly be a t t r ibu ted to 
the fact that the mean temperature was not known accurately a t a suf f i -
cient number of po in ts . I t should be noticed that the experimental values 
are consis tent ly lower than the calculated values--a fact indicating tha t 
perhaps the calculat ions by Mart inel l i and co-workers always gave r e su l t s 
that were somewhat low. This conclusion is in agreement with the fact 
that run 9 indicated a posi t ive pressure gradient up the tube. 
19 
Figure 3« Comparison of Calculated and Experimental Pressure Drops 
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Confirmation of Parameters for a Single Substance.--Since the numerical 
scheme has been shown to be satisfactory, it is now pertinent to seek 
the answer to another type of question: are the parameters developed 
in Chapter III adequate for correlating the important results of the 
numerical calculations? An answer to this question must be sought in 
two stages. First, it is necessary to consider a single substance 
flowing under varying conditions. Next, it is necessary to consider 
the results for various substances compared with one another. The 
first-stage testing of the correlation parameters was performed on 
water alone and "oil A" (9) alone. The physical properties of these 
substances are given in Appendix E. 
Water was studied analytically under conditions such that free 
convection was important, since, for water, the density is very poorly 
represented by equation (8). Thus, this offers an excellent method of 
checking whether constancy of the free-convection parameter Fc is ade-
quate for satisfactory correlation of results. 
Oil A was studied analytically under conditions such that viscosity 
variation was important, since, for this substance, the viscosity is very 
poorly represented by equation (9)» (The viscosities of the substances 
considered in this study are shown in Figure 3k). Thus, study of oil A 
offers an excellent opportunity to see if constancy of the viscosity 
ratio, u /u , is sufficient for correlating results. 
The conditions under which the calculations were made are given 
in Table 5. For a given substance, a wide range of parameters, such as 
Reynolds number and temperature range, were used, while u /u and Fc were 
held constant. All calculations were for heating of liquids in upflow. 
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Table 3 . Summary of Calculations for Confirmation 
of Parameters--Upflow of Liquids. 
Substance Re Pr T*,°R T',°R 
w7 
l/Fr ĉA Fc 
Water 10.0 5.89 540.0 640.4 -754.8 2.5 200 
Water 100.0 3-93 573-0 699»l - 45.2 2„5 200 
Water 1000.0 4.78 556.0 667.8 - 5.83 2*5 200 
Oil A 10.0 800 540.0 602.6 - 0.392 5.0 0.1 
Oil A 100.0 384 565.0 649.2 - 0.0308 5.0 0.1 
Oil A 1000.0 224 589.O 700.3 - 0.0022 5.0 0.1 
Values of Nu, T , and f/f were compared a t constant values of Pe/z, 
evaluated a t the proper correla t ing temperature,, (In p lo t t ing these 
r e s u l t s , i t was necessary to an t ic ipa te the correct corre la t ion temper-
a tu res , which are discussed more ful ly in the next sec t ion . ) Some of 
these comparisons are shown in Figures 4 through 7» I t is seen in 
these figures t h a t , a t least for single substances, the choice of cor-
re la t ion parameters seems to be quite adequate. 
In a sense, i t is f a i r to say tha t the r e su l t s are correlated 
for "different" substances because of the different temperature ranges 
considered. For example, in the calculat ions with o i l A a t a Reynolds 
number of 10, the v i scos i ty var ia t ion between the entrance and wall tem-
peratures is quite different from that with Re = 1000, because the temper-
ature range is s ign i f icant ly d i f fe ren t . 
Confirmation of Parameters for Liquids and. Gases.--Even though the excel-
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time is encouraging, it is still prudent to see if results for different 
substances correlate. Further, it is necessary to consider both heating 
and cooling. 
The liquids water and oil A were chosen to be compared for sev-
eral reasons. For oil A, the density is a linear function of tempera-
ture; for water, the density can be adequately represented only by a 
second degree polynomial. (The physical properties of these substances 
are given in Appendix E.) The heat capacity of water is essentially 
independent of temperature, while the heat capacity of oil A increases 
by almost 20 per cent with a 150° F increase in temperature. The ther-
mal conductivity of oil A decreases slightly with increasing temperature. 
For water, the thermal conductivity increases by over 1.0 per cent with 
a 1̂ 0° F increase in temperature. Finally, the effect of temperature 
on the viscosity of oil A is significantly greater than that for water. 
Thus, because these substances are so dissimilar, a comparison of them 
gives real credence to the proposed correlation. 
Conditions for the comparisons between oil A and water are sum-
marized in Table 4. Sample results, typical of those for other condi-
tions, are shown in Figures 8 through 16. Examination of these figures 
indicates that the correlation scheme is quite excellent, except that 
values of velocity appear to differ by as much as 10 per cent in some 
extreme cases; in other cases, however, velocity profiles correlate quite 
well. 
The effect of variable k and c was found to be satisfactorily 
P 
taken into account by evaluating Pe at T for correlating Nu and T 
J ° m m 
itself, and at T for correlating the friction factor ratio, f/f . 
' w ' w 
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Table 4 . Conditions fo r Comparison C a l c u l a t i o n s . 
Substance LL /LL FC T ' ° R T ' , °R Re l / F r Pr 
^o' "w o ' w ' 
Oil A 3-4 0 .1 610 700 26 .3 -0.105 153 
Oil A 3-4 100 610 700 837 -3 .30 153 
Oil A 3-4 200 610 700 1182 -4 .69 153 
Oil A 3-4 4 00 610 700 591 -18 .7 153 
Water 3-4 0 .1 540 691 84.9 -0.0259 5.89 
Water 3-4 100 540 691 952 -2 .31 5.89 
Water 3.4 200 540 691 1346 -3 .27 5.89 
Water 3-4 400 540 691 673 - 1 3 . 1 5.39 
Oil A 2 0 .1 550 575 810 -O.OI.3 583 
Oil A 2 200 550 575 820 -25 .7 583 
Oi l A 2 800 550 575 810 -104 583 
Water 2 0 .1 540 610 1000 -0.006 5.89 
Water 2 200 540 610 1000 -12 .2 5.89 
Water 2 800 540 610 1000 -49.2 5.89 
Oi l A 0.5 0 . 1 575 550 816 0.013 302 
Oil A 0.5 200 575 550 1152 18.3 302 
Oil A 0.5 800 575 550 114 0 74 .1 302 
Water 0-5 0 .1 610 54o 2000 0.003 2.74 
Water 0.5 200 610 54o 2000 6.06 2.74 
Water 0-5 800 610 54o 2000 24.2 k 
1.81 x 10 
2.74 
Air 1.5 0 .1 950 54o 1000 0.685 
Ai r 1-5 200 950 54o 1000 O.36I 0.685 
Air 1.5 800 950 540 1000 ! ^ 5 _k 0.685 
Helium 1.5 0 .1 146 0 752 1000 I .56 x 10 0.722 
Helium 1.5 200 1460 752 1000 0.311 0.722 
Helium 1-5 800 146 0 752 1000 0.795 . 
-9.O7 x 10 J 
0.722 
Air- 0.667 0 .1 540 950 2000 0.698 
Ai r 0.667 200 540 950 2000 -0 .183 0.698 
Ai r O.667 800 54o 950 2000 -0.724 
-7 .81 x 10"J 
0.698 
Helium O.667 0 .1 752 146 0 2000 0.728 
Helium O.667 200 752 146 0 2000 -0 .157 0.728 
Helium 0.667 800 752 146 0 2000 -0.627 0.728 
There i s a f u r t h e r compl ica t ion , however. The p r e s s u r e g r a d i e n t due t o 
f r i c t i o n a l forces t h a t would be p re sen t i f the f l u i d were flowing a t 
t h e wa l l tempera ture i s , from equat ion (59) 
G = - 3 2 u / R e p (15) 
w w 
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Figure 8. Comparison of Mean Temperatures for Oil A and Water, 
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Figure 9. Comparison of Friction Factors for Oil A and Water, 
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Figure 10. Comparison of Mean Temperatures for Oil A and Water, 
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Figure 12. Comparison of Local Nusselt Numbers for Oil A and Water, 
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Figure 13. Comparison of Temperature Profiles for Oil A and Water, 
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Figure lk. Comparison of Temperature Profiles for Oil A and Water, 
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Figure 15. Comparison of Velocity Profiles for Oil A and Water, 
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Figure l6. Comparison of Velocity Profiles for Oil A and Water, 




the gas has no idea that i t wi l l ult imately change d ra s t i c a l l y in density,, 
and the ra t io f/f can hardly be expected to corre la te i f the density 
ra t ios p d i f fer s ign i f icant ly . Accordingly, i t was fe l t tha t ( f / f ) x 
(p /p ) might corre la te much be t t e r for gases, which proved to be true„ 
For l iqu ids , the "correction r a t i o , " p /p^ is of l i t t l e importance; 
m w 
accordingly, it is not used for liquids so that the correlation may be 
kept as simple as possible. 
In correlating velocity and temperature profiles, it is apparent 
that local values of Pe are required; i.e., c' and k' are evaluated at 
the temperature existing at the particular point in question,, Again, 
there is a difference in procedure for liquids and gases. Gases, be-
cause their densities can vary so significantly, must have up correlated. 
For liquids, such a correction is relatively unimportant and unneces-
sarily complicates the correlation. 
A comparison can also be made between air and oil A. It was felt 
that gases, because their density variation with temperature is so dras-
tically different from that for liquids, could not be expected to give 
results that would correlate well with those for liquids--particularly 
for large temperature differences (hundreds of degrees). Because of 
this, and because the viscosity of gases is less sensitive than liquids 
to temperature, it was felt that the substances would yield comparable 
results only when free convection is unimportant, or imder the hypotheti-
cal condition u /u = 1 . This latter condition was achieAred by holding 
the viscosity constant in the computer program while letting the other 
properties vary in their normal manner„ The temperature change for air 
was limited to 90° F, in which range the deviation of density from a 
38 
linear function was not too drastic (but still significant). 
It should be noted that a liquid heated in upflow, for example, 
must be compared with a gas cooled in downflow because the effect of 
temperature on the viscosities of the two classes of substances is in 
opposite directions--the viscosity of a liquid decreases with increasing 
temperature, while the viscosity of a gas increases with increasing 
temperature. Accordingly, heating must be compared with cooling, and, 
then, to have free-convection effects either aiding or opposing forced-
convection effects in both cases, upflow must be compared with downflow. 
Comparison of the data in the tables in Appendix F (discussed in 
the next section) reveals that, as expected, results for liquids and 
gases do coincide when free convection is unimportant (Fe. = ±0.1) and 
when \i /\i = 1; in other cases, the data correlated poorly. As an 
example of this comparison, mean temperatures are compared in Figure 
17. 
Because liquids and gases cannot be expected to yield compar-
able results when the temperature range for gases is several hundred 
degrees, it is necessary to consider gases separately. It was attempted 
to show that, at least, the results for different gases can be corre-
lated with each other. 
Air and helium, which are relatively dissimilar gases (see 
Appendix E) were compared under the conditions shown in Table k. Re-
sults comparable to those for liquids were obtained;; for example, 
Figures 18-22 show typical comparisons of pertinent quantities for 
gases. 
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Figure 18. Comparison of Mean Temperatures for Air and Helium, 
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Figure 19. Comparison of Friction Factors for Air and Helium, 
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Figure 21. Comparison of Temperature Profiles for Air and Helium, 
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Figure 22. Comparison of Velocity Profiles for Air and Helium, 
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Table 5. Typical Magnitudes of Radial Velocity Components. 
Substance M- /V •o' "w Fc Maximum v 
at z = (Az'1 v 0 
Maximum v 
at z = 8(Az) v 0 
Oil A 1 100 •̂3 X 10-5 3A X 10-5 
Oil A 1 200 1-7 X 10 " 1.7 X 10-* 
Oil A 1 800 3-4 X 10-2 2.3 X 10-* 
Oil A 2 800 1.0 X 10-1 3-'4 X 10-
4 
Oil A 5 800 2.7 X 10-1 3 A X 10-* 
Oil A 10 800 •̂3 X 10-
1 2.6 X 10-* 
Oil A 20 0. 1 3 A X 10-
1 6.3 X io-5 
Oil A 20 200 4.0 X 
_1 
10 ~ 8.3 X io-5 
Oil A 20 800 6.3 X 10"1 2.1 X io-
4 
Oil A 0. 05 800 -4.0 X 10-2 -3 A X io"
5 
Oil A 20 -0. 1 3-4 X 10-1 6.3 X ID"
5 
Oil A 0. 05 -0. 1 -4.6 X 10-2 -1.2 X 10-2 
Air 1 800 3.0 1.31 x 10"1 
Air 0. 667 0. 1 -1.4 -6.0 X 10-2 
Air 0. 5 0. 1 -2.2 -1.8 X 10-1 
this analysis radial velocity terms were assumed to be quite small. As 
a check on the validity of this assumption., the scheme described by 
equation (109) was used to estimate the magnitude of the radial velo-
city components. The results indicate that at z = (Az) , the radial 
velocity terms can be appreciable (of the order of v = 0.6 for oil A; 
of the order of v = 3 for air--at worst). Typical results are given in 
Table 5. It must be realized that these values of v are only qualitative. 
h6 
In addi t ion, i t is quite possible t he i r magnitudes are due to inadequacy 
of the numerical scheme near z = (Az) . After a few steps down the tube 
(at which Pe/z is s t i l l quite large--10 or more), the rad ia l veloci ty 
components rapidly tend to become quite negl igible (of the order of 10" 
c 
to 10 ) and t he i r derivatives appear likewise to be neg l ig ib le . 
The appearance of the large rad ia l veloci ty terms near the tube 
entrance is not considered to be d i sas t rous . These components a r i s e 
because a parabolic prof i le is suddenly changed in shape. Radial velo-
c i ty components would tend to make th i s change more gradual than ob-
served in th i s study, perhaps, but because of large v iscos i ty and/or 
free-convection forces, i t appears tha t th i s adjustment must take place 
quite rapidly in any event. In the meantime, the temperature prof i le 
is almost completely undeveloped, and, therefore , i s hardly affected. 
This fact is important, and for emphasis i t w i l l be stated in a d i f fe r -
ent way: during the i n i t i a l few s teps , the temperature prof i le develops 
hardly a t a l l , and i t is therefore v i r t u a l l y independent of what hap-
pens to the veloci ty prof i le because of v iscos i ty var ia t ions or free-
convection forces. Jus t i f i ca t ion for t h i s statement is given in Table 
6, in which temperatures a t r = 0.^5 are g-ven for values of z near the 
heating section entrance. 
The calculations described in Table 6 are for o i l A, with heating 
in upflow. They are also typica l of resu l t s for other flow condit ions. 
Also given are the maximum value of v occurring a t the value of z in 
question and the value of u a t r = 0, which is indicat ive of the extent 
to which the veloci ty prof i le has f la t tened. I t is evident that a t t h i s 
value of z, the temperature T is s t i l l v i r t u a l l y zero a t r = 0.^5 (and 
47 
Table 6. Radial Velocity Components near Heating 
Section Entrance for Calculations with Oil A. 
Center-line 
z Pe/z T at r = 0.45 M- /V Fc Maximum v Velocity (Az) ' "o w v o 
1.6 2.95 x 105 9.78 x 10"5 
1.6 4.̂ 9 x 105 2.0 x 10"5 
1.6 2.66 x 105 2.80 x io~5 
1.6 3.80 x 105 5.70 x io~° 
100 1.8 x 10 
5 200 1.5 x 10 
10 400 3.0 x 10 





1.92 0 . 1 
1.74 0 . 1 
1.46 0 . 1 
0.987 0 . 1 
consequently at all values of r except very near the tube wall) and that 
the radial velocity components have become quite small. Yet, it is 
apparent that considerable flattening in the velocity profile has already 
taken place. This is possible because the Prandtl number for oil A is 
so large. Similar results can be expected for any liquid with large 
Prandtl number, since the larger the Prandtl number, the faster the 
velocity profile develops compared to the temperature profile. 
This result has important implications: for oi._s, the shape of the 
initial velocity profile is apparently immaterial--the flow soon adjusts 
to the conditions imposed by viscosity and free-convection forces, and 
changes very slowly thereafter. Thus, the results presented in this 
study for liquids may be expected to hold for cases of arbitrary ini-
tial velocity profile--which in many cases will be neither flat nor 
parabolic. 
For gases, this conclusion does not hold. In no case was the profile 
distorted appreciably from a parabolic one in the initial few steps; 
accordingly, there is no evidence that the results are independent of 
kQ 
i n i t i a l p r o f i l e shape . ( I f i t were a t tempted to go from a f l a t p r o f i l e 
t o a nea r pa r abo l i c one in a shor t d i s t a n c e , enormous r a d i a l v e l o c i t y 
terms would r e s u l t , which could c e r t a i n l y not be n e g l e c t e d . ) In f a c t , 
t h e r e i s cons ide rab le evidence t h a t t he i n i t i a l p r o f i l e shape i s ve ry 
impor tan t . Accordingly , the r e s u l t s of t h i s s tudy must be app l i ed t o 
gases only in cases in which t h e p r o f i l e i s f u l l y developed a t t h e 
en t rance t o t h e hea t ing s e c t i o n . 
A f l u i d such as w a t e r , wi th a P r a n d t l number in. t he range of 5 
to 10 ( fo r some tempera tu res ) i s an in t e rmed ia t e c a s e . On t h e b a s i s of 
the few c a l c u l a t i o n s wi th water in t h i s s tudy , i t appears t h a t in t h e 
l eng th i t t akes the v e l o c i t y p r o f i l e t o change s i g n i f i c a n t l y and fo r 
r a d i a l v e l o c i t y terms t o become neg l ig ib l e . , t he tempera ture p r o f i l e has 
developed t o some e x t e n t , but not a g r e a t d e a l . ( In a t y p i c a l c a s e , t he 
tempera ture T a r r = 0.1+5 w a s 0.110 a t a po in t where t h e r a d i a l v e l o c i t y 
had j u s t become n e g l i g i b l e . ) I t w i l l be assumed s a t i s f a c t o r y t o app ly 
the r e s u l t s of t h i s s tudy to a r b i t r a r y i n i t i a l v e l o c i t y p r o f i l e s for 
any f l u i d w i th Pr > 5 > bu t a d m i t t e d l y , t h i s i s soinev^nat open t o ques -
t i o n . 
Corre la ted R e s u l t s . - - C o r r e l a t e d r e s u l t s a r e given in Appendix F. These 
r e s u l t s a r e intended t o be used in those cases where d i r e c t use of t h e 
numerica l scheme developed above i s imposs ib le , i m p r a c t i c a l , or u n d e s i r -
a b l e . 
Two s e t s of r e s u l t s a r e g iven : those fo r l i q u i d s , and those for 
g a s e s . A l l l i q u i d r e s u l t s were obta ined us ing the p h y s i c a l p r o p e r t i e s 
of o i l A, s ince i t has been shown t h a t t h e r e s u l t s , when considered t o 
be func t ions of t he a p p r o p r i a t e v a r i a b l e s , may be reasonably expected 
9̂ 
to apply to common liquids. Likewise, the results for gases were ob-
tained using the physical properties of air. 
An attempt was made to have the coverage complete enough to 
cover most cases of interest. Heating in upflow, cooling in down.flow, 
heating in downflow, and cooling in upflow were considered. The latter 
two cases are probably of little practical value, because free-convec-
tion effects oppose the forced-convection effects. Nevertheless, these 
cases were included because there may be instances where other consid-
erations dictate that these types of flows be used. 
Free-convection parameters of ± 0.1 (free convection negligi-
ble), 100, 200, 400, 800, -100, and -200 were considered. Actually, 
free convection parameters of -^00 and -800 were likewise investi-
gated, but it was found that in all cases the flow became unstable at 
/ k Pe/z > 3 x 10 , so these results are not reported. An upper limit of 
800 for Fc seems to be a practical one, because above this value (and 
even somewhat below it), flows tend to become unstable at rather large 
values of Pe/z--and in this region, Pigford's analysis is probably 
satisfactory. Viscosity ratios u /u of 0.05, 0.1, 0.2, 0.5> 1> 2, 5* 
o w 
10, and 20 were considered for l iqu ids , and v iscos i ty ra t ios of 0 .5 , 
O.667j I* 1*5* a n ( l 2 were considered for gases. Results are reported 
/ k , 
for 10 < Pe/z < 10 . For smaller values of Pe/z, asymptotic behavior 
(fluid approaching wall temperature) is rapidly approached, and larger 
values do not appear to be of s ignif icant in te res t (although, if they are , 
Pigford's analysis should be sa t i s fac tory in th i s region) . 
A convenient method for computing T is based on the data in 
m 
Figures 23 through 28. Figure 23 shows the effect of viscosity alone 
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Figure 23. Effect of Viscosity on Mean Temperature. V/l 
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Figure 2k. Correction Factor for Effect of Free Convection on Mean Temperature. 
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Figure 25- Correction Factor for Effect of Viscosity on Free Convection 
for Liquids with Positive Fc. 
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Figure 26. Correction Factor for Effect of Viscosity on Free Convection 
for Liquids with Negative Fc. V/1 LO 
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Figure 27. Correction Factor for Effect of Viscosity on Free Convection 
for Gases with Positive Fc. 
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I I lllllll X X 111 | [ | 1 1 1 ifll I I 1 | j | | I I I 
llll II I I I I I | T] llll I I I I I X X 111 111 1 Ii 1 III!! _LLLL 1 lllllllllilll 
- 7 0 L| i11111 I I | x nun — 1 1 l l l l ' Hi. - . ,,1,111 lllllllll lllll l l l l l l l l l l l 1 III llll III 
10 10 ioJ 10 
PemA 
Figure 28. Correction Factor for Effect of Viscosity on Free Convection 




on the mean temperature. This figure applies to liquids and gases, 
heating and cooling, and upflow and downflow. (It is based on cases 
for which Fc = ± 0.1.) Figure 2k gives a correction factor, <J>, which 
accounts for the effect o f free convection on T in the absence of 
m 
viscosity variation. This figure likewise applies for liquids and 
gases, heating and cooling and upflow and downflow. There is also 
the effect of viscosity on free convection to be taken into account; 
this is done in Figures 25 through 28. Four separate figures are nec-
essary here because the results for gases differ from those for liquids 
and those for positive Fc (heating in upflow, cooling in. downflow) 
differ from those with negative Fc (heating in downflow, cooling in 
upflow). 
To compute T , one must first read T corrected for viscosity 
alone, T , from Figure '23. Next, the correction factor <|> is read from 
j mv' ' 
Figure 2k, Finally, the correction factor 0 is read from one of the 
Figures 25-28. From 0, a quantity a is computed according to the formula 
a = (Fc)1/2 e, Fc > 0 
= (Fc) 6, Fc < 0 
The mean temperature, T , is then calculated from the equation 
(16) 
T = T <D ( 1 + a ) 
m mv v ' 
(17) 
This correlat ion scheme is suf f ic ien t ly accurate for pract ical design 
calculat ions ( i t usually represents the data well within 10 per cen t ) . 
57 
Some t r i a l - a n d - e r r o r may be r e q u i r e d , s ince Pe must be evaluated a t T , 
but t h i s q u a n t i t y can u s u a l l y be es t imated wi th s u f f i c i e n t accuracy 
t h a t only one t r i a l i s n e c e s s a r y . 
To i l l u s t r a t e t h e use of the s e f i g u r e s , t h e fol lowing case i s 
considered as an example. Oil A i s heated in upflow under cond i t ions 
such t h a t Li /LL = 20 , Fc = 800, T' = 5^0°R and T! = 701°R. The Reynolds ^o' Kw ' ' o w 
number a t t h e en t rance to the hea t ing s e c t i o n i s 761; t he P r a n d t l num-
ber i s 800. The mean temperature a t z = 512 i s d e s i r e d . 
The thermal c o n d u c t i v i t y of o i l A i s given by the equat ion 
kf = 0.08599^ - 2 . 1 9 ^ x 10"5 T ' , (T1 in °R) 
and the heat c a p a c i t y i s given by 
c ' = O.I578O + 5.31579 x 10 T ' , (T' in °R) 
(18) 
(19) 
These equat ions a r e given in. Appendix E. At T ! = 540°R, k ' = 0.07^1 
and c ' = O.kk^. As a f i r s t t r i a l , assume T1 = 560°R. Here, k ' = 0.0737 
and c' = 0.̂ -55 • For this situation 
P 
/ _ (76i)(8QQ) (0M2.) ( o.07U\ ., 
P V Z " (512) I -Ott?) { oTvm) " 
(20) 
From Figure 2 3 , a t LI /\i = 20 and Pe / z = 1220, T = O.O78. From F ig -
o _•} r Q i r-w m/ j m v 
ure 2k, a t Fc = 800 and Pe / z = 1220, <D = 1.8. From Figure 2 5 , which 
a p p l i e s t o l i q u i d s wi th Fc > 0, 0= 0 .0003. Then 
a = e (Fc)0,5 = (o.ooo3)(8oo)°°5 == 0.008 (21) 
Thus, 
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T = T <D (l + a) = (o.078)(i.8)(i.oo8) = 0.142 (22) 
To check our assumed mean temperature, we compute T': 
T* = T* + T (T* - T*) = 540 + 0.142 (161) = 563°R (23) m o m v w o ^ \ J ; s \ s/ 
This is so close to the assumed temperature that no further calcula-
tions are necessary. In this case the answer is exact since this par-
ticular point was used in constructing the curves. 
The more exact calculated results are given in Tables 11-24. These 
results are not tabulated with sufficient frequency that interpolation 
can be satisfactorily employed; however, the results can be plotted and 
the curves easily drawn. When entries cease at a value of Pe /z much 
greater than 10, this means that the flow has become unstable (i.e., 
either the velocity at r = 0 or near the wall has dropped below zero). 
Even when using the Figures 15-20, these tables should be consulted to 
determine if there is a likelihood of unstable flow resulting. 
Friction factors are much more easily handled because there is 
little apparent effect of free convection on these quantities. The 
ratio f/f is given in Figure 29 for liquids; the quantity (f/f. Xp /p ) 
is given in Figure 30 for gases. Because these graphs give the friction 
factors accurately, these quantities are not presented in tables also. 
As discussed in Appendix B, the total pressure drop is computed 
from the relation 
Ap - h J pm
dz + en f- {zk) 
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Figure 30* Friction Factors for Gases. OA 
o 
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The in tegra l / p dz is evaluated from a knowledge of T as a func-
J m c m 
o 
t ion of z, which is obtainable from Tables 11-2*4-. 
The local Nusselt number i s tabulated in Tables 11-24. This 
quanti ty is of doubtful p rac t ica l value, but i t is jjicluded for com-
ple teness . In some cases ( e . g . , Table 21), values of Nu are not tabu-
lated over the ent i re range of Pe /z invest igated. This is because, as 
m 
mentioned previously, accuracy is los t a t low values; of Pe/z. 
The average heat t ransfer coefficient is often desired; i t can 








Velocity and temperature prof i les are of small value to the 
designer, but they may be of more value to the researcher. Temperature 
and veloci ty prof i les are presented in Tables 25-38- The use of these 
t a b l e s i s t e d i o u s , s i n c e b o t h T and u (or up) a r e t a b u l a t e d a s f u n c t i o n s 
of PeT /z . While the veloci ty prof i les can be obtained d i r e c t l y , t r i a l -
and-error i s required to find the temperature p ro f i l e s . 
To i l l u s t r a t e the techniques involved in establ ishing the tem-
perature p ro f i l e , consider heating water in upflow under conditions such 
that u /u = 2 , Fc = 0 . 1 , T' = 5^0°R and T1 = 6l0°R„ The Reynolds number 
ny ŵ ' ' o w 
at the entrance to the heating section is 1000; the Prandtl number is 
5.89. The temperature at z = 10.72 and r = 0.̂ 5 will be found to illus-
trate the method. 
The necessary data are plotted in Figure 13. The heat capacity 
62 
of water i s c o n s t a n t ; t h e thermal c o n d u c t i v i t y i s given by t h e equat ion 
k ' = -0.^9958 + 2.58911 x 10" 5 T' - 1.875 x 10"6 T j 2 (T 'p i °R) (26) 
which i s given in Appendix E. At T' = 5^0°R, k5 = O.352. As a f i r s t 
t r i a l , assume T' = 580°R a t t he po in t in q u e s t i o n . Here, k ! = O.37I. 
Then 
P e L / 2 . i - O O i q ^ ) 0 ^ = 5 . 2 2 x l o 2 ( 2 7 ) 
From Figure 1 1 , 
T = O.59O (28) 
To check our assumed t empera tu re , we compute T:» 
T' = T' + T(T' - T ' ) = 5^0 + 0.590 (70) =•  58l°R (29) 
This is so close to the assumed temperature that no further calculations 
are necessary. 
These tables fail to show very impressively how velocity pro-
files behave when free convection and variable viscosity effects are 
important. Since these velocity profiles may be of general interest, 
typical examples are shown in Figures yi and ^2. Especially interest-
ing is the approach of the center-line velocity to zero when free-con-
vection effects are important in cooling in downflow and heating in 
upflow. This profile shape is qualitatively confirmed by the experi-
mental data of Watzinger and Johnson (20) and by the visual observations 
of Scheele et al. (19). 
Pe/z = 200 Pe/z = 400 Pe/z = 1200 Pe/z = 4300 Pe/z = ~ 
CONDITION I = / i 0 / M w = 1, Fc = 800 
( ( ( ( C 
Pe/z = 17 Pe/z = 46 Pe/z = 600 Pe/z = 9500 Pe/z = ~ 
r t A k i r M T i / ^ L i i t / ^ / \ r- f\ l 
V^UINUI i IU IN i i = / i Q / / i w = ^VJ, r c = u. i 
^ <" f 7 7^~ 
l J I (. L 
Pe/z =13 Pe!z = 70 Pe/z = 460 Pe/z = 4700 Pe/z = ~ 
CONDITION III = / i Q / / i w = 5# Fc = 100 
Figure 31. Shapes of Typical Velocity Profiles for Liquids Heated in Upflow. cr\ 
Pe/z = 220 Pe/z = 300 Pe/z = 1200 Pe/z = 8600 Pe/z = «, 
CONDITION I = ^ / n = 1, Fc = -200 
< < < C I 
Pe/2 = 17 Pe/z = 36 Pe/z = 550 Pe/z = 7400 Pe/z = «, 
CONDITION II = u-/u... = 0.05. Fc=-0 .1 
* V • W 
< < c c r 
Pe/Z = 12 Pe/z = 70 Pe/z = 600 Pe/z = 4800 Pe/z = «, 
CONDITION III = ^0/Mw = 0.05, Fc = -200 




It should be pointed out that the results reported here for ver-
tical tubes with free-convection effects unimportant may be used equally 
well with horizontal tubes. A suggested maximum value of Fc for such 
purposes is 10.0. 
Effect of Pressure on Results for Gases.--The results for gases were 
obtained using the physical properties of air at one atmosphere pres-
sure. These results should be equally valid at other pressures, except 
at very high pressures or other unusual conditions under which the gas 
density obeys the perfect gas laws very poorly. 
The question of pressure drop in the gas may appear to complicate 
the results. However, under most commonly encountered conditions, it 
seems likely that the pressure drop will be small (less than one pound 
per square inch), so that there is no need to include the effect of 
pressure on the density of the gas. Accordingly, in all results for 
gases reported in this study, the density of the gas was considered to 
be a function of temperature only. For very small tubes (less than l/k 
inch in diameter), the pressure drop can be significant; in such cases, 
it will be necessary to modify the numerical scheme and make the neces-
sary calculations on a computer. 
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CHAPTER V 
CONCLUSIONS AND RECOMMENDATIONS 
On the basis of the results of this study, the following 
conclusions were reached: 
1. A practical and apparently accurate numerical scheme has 
been developed to solve the problem of laminar flow in the thermal 
entrance region of a vertical circular tube with uniform wall temper-
ature for fluids with variable physical properties. 
2. A practical scheme for correlating the heat transfer and 
fluid friction properties of various fluids has been developed., The 
correlation scheme has been shown to apply to a typical oil whose vis-
cosity may vary by as much as a factor of 20 over the temperature range 
considered, and to water and gases, whose densities deviate significantly 
from linearity. It is believed that the results are valid for other sub-
stances whose properties are similar to those studied here. 
3. The results show that both free convection and variable vis-
cosity effects are quite important, and neither can be arbitrarily 
neglected in a complete analysis. 
k. Variations in heat capacity and thermal conductivity are of 
some importance, but can be taken into account by evaluating correlating 
parameters at proper temperatures, rather than having to introduce fur-
ther correlating parameters. 
5. For fluids with Pr > 100, the results are independent of the 
initial velocity profile; for fluids with 5 < Pr < 100, the results may 
67 
be independent of the initial velocity profile. Fo:' gases, the initial 
profile must be parabolic for the results to be useable. 
This study suggests that still further research will be fruitful. 
The following studies are suggested." 
1. The problem of this study extended to include developing 
velocity profile. 
2. The problem of this study extended to horizontal tubes, with 
and without developing velocity profile. 
3. Experimental studies in the "unstable" region of flow. 
k. Further experimental work with various substances, in both 
heating and cooling, with choice of conditions based on the results of 
this study. 
It is thought that (2) and (3) are particularly difficult problems, 
but they are certainly significant ones. 
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A P P E N D I C E S 
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APPENDIX A 
DERIVATION OF EQUATIONS 
Consider the s teady-state laminar flow of a Newtonian fluid in a 
ve r t i c a l tube. I t is assumed that there is ax ia l symmetry, negl igible 
angular veloci ty , isotropic f lu id , negl igible bulk v i scos i ty , and that 
the Peclet number is greater than about ten . Under these condit ions, 
the shear s t ress components are (22): 
V ^ ' ^ + f^fp-Sp- ^ ' > + ¥ ) <3°) 
Tee -p- + 3 » ( p- W ( r v > + &••) ( 5 1 ) 
T z z = ^ ' ^ + f^ P 5 P - ^ ' V , ) + ^ (52) 
T r e = rer = 0 (33) 
T-3 = T . = 0 ( 3 4 ) 
0Z Z0 ^ 
' (4^ + ̂ ' 
zr rz ' V d r ' d2 
T- - T... = V N £ r £ r (35) 
Primed quant i t ies denote variables with dimensions (in contrast 
with dimensionless var iables , which have no primes).. 
With the introduction of these shear s t r ess components, the equa-
t ions of motion in the r and z direct ions (23) become 
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P' (v 3P" + u' 
dp ' °L_ ) - _ gR,. _ 1 d I P n ' r ' d V 
p - ^ p - (-2n r ^ p -
(36) 
+ 2 u . d f r . v M , 2 . , d u \ , 2n 'v
f 2 ^ ' ( r V ) 
" 3 ^ ^ "5P" {[x 3P + ^ 3P" j 
and 
i / t du s , . d u ' \ 
p <v s r +u ^ } = 
fc' 
s ^ 
^ A ( - M ' r ' ( ^ ; + K ) ) (37) 3P" 
SP" 
. ^U' 2 , . 1 a 
3 P " r 3 SP" 
cV + ^ r ( -2n ' § ^ r + | n ' & : £ r ( r ' V ) + S ^ - )) 3 ^ 
F""̂ " 
+ P' 
The c o n t i n u i t y equat ion i s (24) 
^ r ( p ' r ' v ' ) + r ! J r ( p V ) = 0 (38) 
The energy equat ion i s (25) 
., dT' J . dT ' x 1 d dT &T' 
p'c; ^ &+ *• S P > = P- sp- (r'kt ^ + ^ ( k ! ^ } (59) 
^ > .i dp ' , „ . dp 
+ P'T- (-5^)p, ( ^ + "
! ^ ) -
r 
, 2 , / 1 o / j t \ . ou' \ 
+ 5 ^ ( p - ^ r ( r v ) + 3 p - ) 3P~ + 
" ^ 3F" 
2 | i ' v ; , 2 
—*-l + T [ 1 
r 3 
i a au1 
T' ^ ^ V ; " ^ 
( p - ^ r O ' ) + § £ , . ) 
G)U' 
o « duJ , 2 s / l _o_/ , j \ 
+ ̂ ) 
du1 , , du ' dv* wSu* . dv' v 
SP" ~ ̂  ( 3F r + 5 s T n 3F r + SP0 
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To s impl i fy t hese e q u a t i o n s , non-dimensional q u a n t i t i e s , as def ined in 
the Nomenclature s e c t i o n , a r e in t roduced . Then a q u a l i t a t i v e "order-of-
magnitude" a n a l y s i s i s performed. (A s i m i l a r a n a l y s i s i s given by 
S c h l i c t i n g ( 2 6 ) . ) This procedure i s , a t b e s t , n o n - r i g o r o u s , but i t i s 
an a t tempt to s impl i fy t h e equat ions as s y s t e m a t i c a l l y as p o s s i b l e . 
Some au tho r s (1^-, 16) p r e f e r t o simply give the f i n a l equat ions p r e -
sented here wi th l i t t l e comment. 
The non-dimensional equat ions a r e given below. Given beneath 
t h e s e equa t ions a r e c e r t a i n o rders -of -magni tude , which a r e expla ined in 
d e t a i l fol lowing the e q u a t i o n s . 
The c o n t i n u i t y equat ion becomes 
3£ (pvr) + r ^ (pu) = 0 (ho) 
The equat ions of motion become 
pr (v 




^ r 3z~ 






d / o dv 
5F ( ' 2 » r 3? 
( 
du 2|iv 2 n a au + — U ^ - ( rv ) + — ur *r— ) + —c— - — c. __ ( r v ) _ — M —_ 
3 p or ' 3 P d z r ) r dr l ' 3 oz 
(M) 
d / du dv \ 
" r 5z" ( ^ 3 ? + ^ 3z" > 
€ ( 1 ^ ) 
and 
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p r ( 3u + u 3u ^ir Sz~ - r 
dp , r p 1 d / ,bu dv.. ,, . 
3z" + Fr"" Re Sr"̂ 1* ( ^ + ^ } ) ^ 
( e ( ( 1 e )) 
SI 
)u ( - 2 ^ ^ + ^ (^(rv) + )u Sz" ) ) 
( e ) ) 





3 r Sz" ) = ±r Pe 5? ( r k f ) + 




nr r T-'c 0 P, 
prT - - K - ( 
dT 
dp , .. dP^ ^ 
5? + U 3 I } " DT'V p ' o pn
Ho 
-2|ir 3F 





+ ' £ > - + 
3? -2|_iv + T H ( 3 - ( rv ) 3 Sr" 
)u u " 2 ^ r ^ 7 + T H (5= ( rv ) + r ^ - ) 35"T 5 ^ 3 F Sz" 
- vr ( 3u 
dv x2 
Sr Sz~ 




I t i s p o s t u l a t e d t h a t t he order of magnitude of s e v e r a l q u a n t i -
t i e s be u n i t y a t most; i . e . , t h e va lues of t h e s e v a r i a b l e s do no t d i f f e r 
from t h e r e f e r ence va lues by a l a r g e amount. The n o t a t i o n 0(x) means 
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"of order no greater than x." It is assumed that 
v 
u = 0 ( 1 ) 
M- = 0 ( 1 ) 
T = 0 ( 1 ) 
c = 
P 
0 ( 1 ) 
P = 0 ( 1 ) 
v - 0 ( € ) 
/ r = 0 ( € ) 
(MO 
where 
0 (e) « 0 (1) 
It is further assumed that differentiation with respect to r does 
not change the order of magnitude of a quantity; i.e., 
0 (§£ ) = 0 (y) (̂ 5) 
The reasoning is this: the variables of interest, u, T, and v change 
from their minimum to their maximum values in a distance of r = l/2 or 
less. For example, u changes in value from 0 to 2, for example, as r 






-lj-^0 (1) (h6) 
On the other hand, none of these quantities changes rapidly in 
the z-direction (for example, except for Pe quite snail, it takes the 
fluid a considerable distance to approach the wall temperature), so it 
7̂  
is assumed that differentiation with respect to z decreases the order of 
magnitude of a quantity: 
0 (|f) - 0 (ey) (47) 
From the se p o s t u l a t e s and t h e i r consequences, t h e o rder of magnitude 
of the va r ious terms in the equat ions of motion and energy equat ion can 
be q u a l i t a t i v e l y e s t ima ted . These orders of magnitude a r e i nd i ca t ed 
beneath the va r ious t e rms . 
I t i s assumed t h a t l /Re i s of o rder e . 
Note t h a t , in equat ion ( 4 l ) , a l l terms a r e of order e or l e s s ; 
t h u s , 
| £ ~ 0 ( e 2 ) ^ 0 (W) 
Accordingly, to a good approximation, the pressure is a function of z 
alone. 
In equat ion (^-2), i f t h e p r e s s u r e g r a d i e n t is. t o be as important 
as t he o the r t e rms , v - / v O ( e ) . There i s c e r t a i n l y no j u s t i f i c a t i o n for 
neglecting this term. This is likewise true for the term p/.Fr. 
In t h e energy equa t ion , i t i s noted t h a t t he term v / T ! c J i s 
Po 
c l o s e l y r e l a t e d t o the Mach number, which, for a p e r f e c t g a s , i s 
7 - l ) T ' c ' . For laminar flow in tubes a t tempera tures and tube diam-
e t e r s o r d i n a r i l y encountered , t h e Mach number i s q u i t e s m a l l . Assuming 
pT — ~ = 0 ( 1 ) t he second term on the r i g h t s ide of t he equat ion i s 
dT 
For a p e r f e c t g a s , t h i s term i s u n i t y ; fo r a completely incom-
p r e s s i b l e l i q u i d , i t i s z e r o . 
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V2 negligible. The group i^V/DT'c' p? = -—• t , is likewise negligi-
ô ' o p Ko Re c T & & 
ble. 
P o 
After eliminating the terms of small order of magnitude, the 
basic differential equations become 
^ (pvr) + r ̂  (pu) = 0 (̂ 9) 
p(v 
du 
or + u 
du 
d7 ) = -
dp 
dz T Fr Re 
1 a du 
dT 
•v- ( ur - j — ) 
r or dr 
dT / dT ,  x 1 d / , x 
K p v dr dz ' rPe dr v dr ' 
(50) 
(5D 
In equation (51) j it is convenient to introduce the variable 
T = T - T'/(T' - T1) = (Tc- T ' ) A T ' - T!)» With this change in vari-o v w o v o " w o ° 
ables, the equation becomes 
( dT , dT s 1 d , , PC (v ̂  + u ̂  ) = ̂ ^ ; (rk 




To facilitate solution of the system of equations (k-9), (50), and 
du 
(52), flows with velocity profiles sufficiently developed that v and rr-
2 
are very small (of order e , for example) will be considered, as was done 
by Pigford (11). (it is difficult to justify this step except by the 
fact that experimental data agree well with, computed results.) With 




p_ , 1 d / du >, 
Fr + rPe dr" ̂  c5z ; (53) 
and 
dT 
pc u Y-p dz -£-£- ("*̂ > 
rPe dr or 
(5*0 
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ur spds Id] 
ReG 
~2~ 
£ d r (55) 
i s obta ined by i n t e g r a t i n g the equat ion of motion t w i c e . I n t e g r a t i o n of 
t he c o n t i n u i t y equat ion y i e ld s 
l / 2 l / 2 
J r | ^ (pu)dr = - J | : ( p v r ) d r = 0 (56) 
But 
r l /2 
J r | ^ ( p u ) d r = 
1/2 
^ (pu r )d r = d_ 
dz 
1/2 
pur d r = 0 (57) 
The imp l i ca t ion i s 
1/2 1/2 
' purdr = cons tan t = / purdr 
o J o 
z=0 = 1/8 (58) 








_1_ spds / dy drf - 1/8 
Re 
2 
T/2 7 172" (59) 
pr ¥• dy ) d r 
i s ob t a ined . 
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APPENDIX B 
DEVELOPMENT OF NUMERICAL SCHEME 
Approximations for Derivatives.--Before deriving useful expressions for 
approximating derivatives, it is desirable to explain certain terminology 
and notation. 
The region of interest in the problem treated, is some portion of 
the (r,z) plane; for example, the region can be considered to be the 
semi-infinite strip of those points (r,z) such that 0 < r < l/2 and 
z > 0. Let Ar = l/N, where N is a positive integer;, and let Az be a 
positive number. We shall be interested in the values of some function, 
say h(r,z), at the points (iAr, nAz), where i and n are integers and where 
1 < i < N + 1. The notation h. will be used to denote the value of h 
— — in 
at the point ((i-l) Ar, nAz): 
h ^ = h((i-l) Ar, nAz) (60) 
When i t is said tha t a cer ta in expression is "correct to the 
second-order" in Z\z; the implication is that the truncation e r ror made 
in approximating a quanti ty by th i s expression i s no greater than some 
constant multiplied by (Az) . This notion wi l l be c la r i f ied in the 
development below. 
There are many ways of approximating the same der iva t ive . The 
pa r t i cu la r choice depends on the accuracy desired and whether use of 
the approximation wi l l lead to a f i n i t e difference scheme, the solution 
of which wi l l converge to the solution of the or ig ina l d i f f e ren t i a l 
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equat ion and which can reasonably be expected t o be s t a b l e (even i f 
t h i s s t a b i l i t y and convergence cannot r i g o r o u s l y be demonstra ted, as 
i s t h e case wi th the numerical scheme developed in t h i s s t u d y ) . In 
a d d i t i o n , c e r t a i n types of approximations g r e a t l y f a c i l i t a t e t h e s o l u -
t i o n of t he r e s u l t i n g d i f f e r ence scheme. Accordingly , i f some of t h e 
'approximations below appear mys te r ious , i t should be remembered t h a t 
t hey were made wi th t he se c r i t e r i a in mind. 
h^ I t i s f i r s t de s i r ed to develop an approximation to {mr~)^ which 
i s c o r r e c t t o t h e second order in Ar . Note t h a t , by a Taylor s e r i e s 
expansion, 
>l+l,n = V
 + - <$>* + ̂  (J). + V > 3 <") 
m 
and 
h. 1 = h. -Ar( | i) . +l*%£ (i£) +=.(*: )
3 (62) 
i - l , n in v or in 2 V-. 2 1. 2 X v 
The cons t an t s c . a r e shorthand n o t a t i o n used t o d e s c r i b e t h e e r r o r term 
l 
in t r u n c a t i n g a Taylor s e r i e s a f t e r t h e f i r s t few terms» For example, 
o^h 
d r 3 
the term c (Ar) in equat ion ( 6 l ) means —-pr^ ^ (£ , nAz) where 
1 ? • "N > 
( i - l ) A r < % < iAr. 
Af ter combining, one ob ta ins 
,dhv i + l , n i - l , n . ,A N2 (C ^ 
( T - ) - - hrz — + c (Ar) (63) 
v dr m 2Ar 5 
S i m i l a r l y , 
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,dtK (
n - n - h . n ) o 
i , n ^ i , n - l _ + ^ ( A z ) 2 (6*0 
d 2 h 
We now s e e k an a p p r o x i m a t i o n t o (—-r ) . . Note t h a t 
dr" m 
l + l , n i n = h
. + A r ( & . _ + L ^ ! ( a ^ ) . _ + i ^ £ ( 4 i ' S r ' i n ' 2 V 2 ' i n or £T v>. 3 'in dr-^ (65) 
and 
+ c^ (Ar ) 
i - l , n i n * (I 1 ) . + 
v d r i n 
(Ar)< 
( ^ ) 
(
d r
2 J i n 
( A r ) 3 , d 3 h 
( ^ ) ± n (66) 
+ c 6 (Ar) 
Combining, 
4). 
d r i n 
h . , 1 - 2 h . + h . , l + l , n ill l - l , n 
( A r ) 2 
+ c ? ( A r ) ' (67) 
A l s o , n o t e t h a t 
& + Az ( - ^ W ) + c Q ( A z )
2 




d r i , n - l 
( % - Az ( 
o r i n d z d r i n 
^ ) + c 9 ( A z )
2 (69) 
Adding and r e a r r a n g i n g , 
ii±) = i 
\ P> p 
or i n ^ 
4 
dr i , n + l 
+ A) 
d r i , n - l 
+ c (Az)' (70) 
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Combining the results expressed in equations (67) and (70), 
ti*) L_ 
V p J p 
dr in 2(Ar) 
h. - 2h. . _ + h. .. ... 
l+l, n+1 i,n+l i-l,i:+l 





d2h Thus, we have developed an approximation to (— -̂) which is accurate 
dr In 
to the second order in Ar and Az and which, i t turns out, is valuable for 
reducing the non-linear energy differential equation to a linear differ-
ence equation. 
c)h I t is necessary to find an approximation to y at r = 0 for 
use with the boundary conditions. By definition, (•*?-) ~ ^ (T-)-> 
J ' Kdr r=0,n Kdr l,n 
Note that 
2 .2, 




3,n = h l ,n + 2 A r <£>l,n + 2 ( A r ) ^ ^ n + C l ^ ( A r ) ( 7 5 ) 
Combining, 
,ah, 
v 3Pl ,n 
3hn ^ lj. r h n ^ - h 
l^n 
2Ar 
2 , n 3,n , / A v 
-*• ^*— + c (Ar) 
(7*0 
In a similar manner, we obtain an approximation to the derivative 
at r = l /2; i . e . , at i = N + l . The result is 
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3hN-j-l,n " ^ , 1 1 + ^ - l . n , , A ,2 
= • t • J f -2— + e ^ Ar ) 2Ar (75) 
Finally, we seek an approximation to (*$"-) • which is valid to 
only the f i r s t order in Az. Note that 
h. _,_ = h. + Az (|&). + clr_ (Az)
2 




(h. ,_ - h. ) v i ,n+l in ' 
Az + c 1 ? (Az) (77) 
Energy Equation.—Using equations (63)> (6*0, and (71) in the energy 
equation, a f in i te difference approximation accurate; to the second 
order in Ar and Az is obtained: 
T i - l , n + l "
 | 2 + 
Pep. CTJ. U. (Ar) 
"in .Fin i n x ' 
2 \ 
in ^m in 
k. Az m 
/ 
T + T 
i,n+l i+l,n+l 
(78) 
l - l , n -1 l+l ,n-1 




i , n - l 
k k 
-Ar (T - T ) I — + — 1 , n " i " ] ^ 
v i+l,n i-l,nM r. T 2k. Ar 
' l 1 in 
From equation (7^-) > a suitable approximation to the boundary 
condition (6b) is seen to be 
3T-. j n - ^T0 ^n + T_ ,-, = 0 ^ l ,n+l 2,n+l 3>n+l (79) 
Accordingly, given the values of T and u at z = (n-l)Az and 
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z = nAz, t he va lues of T a t z = (n+l)Az can be c a l c u l a t e d by so lv ing the 
system of l i n e a r equat ions 
3T, , , - 4T0 ,- + T = 0 
^ l , n + l 2 ,n+1 3,n+1 
T. . , . + B.T. , . + T . , n , , = D. i - 2 , . . . , N i - l , n + l 1 i , n + l l + l , n + 1 I , ' ' 






To so lve t h i s system more r e a d i l y , i t i s neces sa ry t o e l i m i n a t e 
from the equat ions 
3T.. , , - 4Tn ,n + T, ^n = 0 ^ l , n + l 2,n+1 3,n+1 
T + B T + T == D 
x l , n + l + ^ ^ n + l + 3.n+1 £ 
(81) 
(82) 
The r e s u l t i s 
T l , n + 1 " ( 2 + B 2 /
2 ) T 2 , n + l = " V 2 
Thus, t he system t o be solved i s 
T - (2 + B /2)T = -D /2 
l , n + l ^ + 21 ' 2 ,n+1 2 ' 
T. , , , + B. T. ., + T. , . , . = D . , i « 2 , . . . ,N l - l , n + 1 i i , n + l l + l , n + 1 i ' ' ' 






Using the well-known Gaussian E l imina t ion Scheme for a t r i d i a g -
onal" system l i k e the above ( 2 7 ) , t h e equat ions can be r e a d i l y so lved . 
Consider t he system 
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Vl + C 1 X 2 = d l 
a 2 X l + b2X2 + °2X^ = d 2 
a . x . , + b .x . + c .x . ,.. = d. 
1 l-l l i i l+l l 
a x , + b x = d n n - 1 n n n 
(85) 
I t can be shown t h a t a computat ional a lgo r i thm for so lv ing t h e system 
i s 
h - b i 
p . = b . - a . c . / p . , i = 2 , . . . , n 
i l l i - l ' i - l 7 ' ' 
'i = d A 
y. = (d . - a . 7 . - , ) / £ . , i = 2 , . . . , n xi x I i i-l ' i. ' ' 
x 
n n 
:. = y. - c .x . , , / p . , i = n - 1 , . . . , 1 







This algorithm was used in the numerical solution of the energy equation, 
The questions of stability and convergence of the numerical 
scheme described above are treated in Appendix D. 
A complication arises in using the numerical scheme described 
above in solving the energy equation. To use the scheme to predict 
values of temperature at level n+1, one must know values of temperature 
at levels n and n-1. Accordingly, the method cannot be used to predict 
& 
the temperature at z = Az since the temperature is known only at z = 0; 
i . e . , at only one previous level instead of the necessary two. 
To overcome this difficulty, an explicit scheme was used to start 
the solution. Such a scheme has the disadvantage of less accuracy (of 
order (Ar) and (Az)) and instability for a l l but s:uall values of Az. 
The problem of lack of accuracy is overcome by choosing the in i t ia l Az to 
be very small. Later, Az is increased when using the more accurate 
scheme in regions where the solution is changing slowly. Likewise, the 
stabili ty requirement is met by the small in i t ia l choice of Az. 
Using equations (63)> (64), and (77) in the energy equation to 
approximate the various derivatives, the resulting finite difference 
approximation is 
(Az)k 
T = T + • 
i,n+l in (Ar)u. p 
i n 
in ' i n P i n 
Pe 
, k . , _ - k . , N 
1 l + l , n l - l , n 
r . 2 k . Ar 
1 m j 
(89) 
T. , . , - T . _ > 
l + l , n l - l , n 
+ — (T -2T + T ) 
T Ar v i+l,n in r i - l ,n ; 
This equation is to be used only where n = 1. Further, T s 0 except 
for the wall ( i = N + 1); here, by choice, T = l /2 . The equality 
T. = 0 implies that a l l the physical properties are unity. One prob-
1 j - L 
lem arises: i t is necessary to evaluate k" -, -,--should this be done at 
T„T , , = l/2? It was found that this is not satisfactory, since the N+1,1 ' ' 
difference ( L - k^ )/Ar, would then be unrealistically large. 
dk 
(Since this difference is related to (-̂—) _ , i t is intuitive that the 
"5r;N,r 
difference should, in fact, equal zero.) 
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With these facts in mind, it is seen that the explicit scheme 
reduces to the simple result 
Ti,2 = Ti,i = °* i = !>•••> *-i 
Az 
"N,2 kFe u^ (Ar)2 ypTTT + 2 
(90a) 
(90b) 
Some remarks about the stability and convergence of the explicit 
scheme are made in Appendix D. 
Equation of Motion.--The problem of evaluating the pressure gradient and 
velocity profile is essentially a problem in evaluating multiple inte-
grals numerically. There is one very important point, however, that may 
easily be overlooked. In the early stages of the solution, the tempera-
ture gradient is very large near the wall of the tube. Since, for most 
liquids, the viscosity is very dependent on temperature, this means that 
there can be a very significant variation in viscosity from point to 
point near the wall. To achieve as much accuracy as possible in evalua-
r1/2 , , 
ting integrals involving viscosity (such as / {y/kOdy), and to keep 
J r 
the number of grid points suf f ic ien t ly small tha t excessive computer time 
is not required, i t was believed to be wise to devise high-order accurate 
numerical integration formulas for use near the tube wal l . 
I t was decided t ha t , a t the wal l , a f ive-point quadrature formula 
would be used; thus , a fourth degree polynomial would be f i t t ed through 
the f i r s t five points and integrated from r = (N + l)Ar to r = NAr. 
Accordingly, the required form is k 
J ydx^Aoyo + A l y x + A2y2 + A ^ + A ^ (9D 
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The coefficients Ax through Ai were found by the method of unde-
termined coefficients (28); i.e., by solving the system of equations 
resulting when the requirement is made that the formula be exact for y =1, 
2 5 h 
y= (x^-x ), y = (x^-x ) , y= (x^-x y , and y= (x^-x ) . The result 
i s 
x 
ydx ^ - | £ (-19yQ + 106y-L - 26^yg + 6h6y^ + 2^Uk) (92) 
3 
It was necessary to develop another quadrature formula for the 
interval one step removed from the wall. For the remaining steps (an 
even number), Simpson's rule could conveniently be employed. 
For the interval one step removed from the wall, the desired 
quadrature formula is of the form 
3 
n±j y d x - Vo + B l y i + B2y2 + V; (93) 
Again using the method of undetermined coefficients, the result was 
found to be 
J y d x ^ §£ (yQ - 5yx + i9y2 + 9J^) (9*0 
Simpson's r u l e , used fo r the remainder of the q u a d r a t u r e s , i s 
d. 
f ydx ^ f (yQ + S + y2) (95) 
One further quadrature formula, given by Milne (29), is useful: 
X l 
J y d x ^ ^ ( - y ^ + i3yQ + I35y1 - yg) (96) 
c^r - J . <_> J . c 
X 
O 
Applying this formula in a region of symmetry (as is done below), where 
y± = -y_±> and where yQ = 0, gives 
Xl 
J ydx V £ (l4y.L - y2) (97) 
X 
o 
To apply these resul t s to the present problem., we f i r s t define 
the integrals 
PI = / prdr (98) 
J o 
1/2 
P2 = / £ dr (99) 
r ^ 
1/2 
P3 = — dr (100) 
Jr
 rV 
With these def in i t ions , the velocity and pressure gradient equations 
become 
/ 1/2 \ 
%{[ pr(P3)dr) - l/8 
G = u ±/2 (101) 




u - § (P5) - *f (P2) (102) 
Applying the quadrature formulas developed above, we obtain the 
computational algorithm 
P 1 1 = ^N+l = P^N+1
 = ° 
P I , 
Ar 




PI. = PI. 0 + — ( r . p . + 4r . _p. - , + r . _p. „) (103c) 1 i-2 3 v iK i i - l K i - l i -2K i -2 / v ^ ' 




lQr r r 
9 N-3 + 1 Q 6 J L 2 _ ^ N-l 
^ - 3 u. N-2 H N - l 
+ 6 4 6 ^ + 2 5 i







P5 = — -JN 720 
19 PI 106 PI 264 PI 
y N-3 N-2 N-l 
~N-3^N-3 ^ - 2 ^ - 2 rN-l^N-l 
(103e) 
6k6 PI 251 PI 
+ il + fH_ 
r # N ^ + 1 ^ + 1 
Ar 
P2N-1 = P 2 N + 2T 
r r r 
*"3 _ 5 ^ 2 + 1 9 N - l 
u N-3 
(i. 
N-2 u. N - l 





P 3 K - I = P 3 N + m 
" * * - • • 
- 5 
PV; 
^ - 3 ^ - 3 r N-2^-2 
P1N-
+ 19 — ^ - + 9 ^ 5 . 
r N-l^N- l r N ^ 
(103g) 
Ar P2 = P2 + —-
i i+2 ^ 3 
r r r 
i+2 + 4 J d i + _i H i+2 ^i+1 
, i = N - 2 , N - 3 , . . . , 2 (103h) 
Ar 
p3i = p\+2
 + f 
P 1 i + 2 
r1+2^1+2 
PI 
+ k i+1 
r i + l ^ i + l 
P I . 
(1031) 
i = N - 2 , N - 3 , . . . , 2 
l / 2 l / 2 
The i n t e g r a l s / ( p r ( P 3 ) ) d r and / ( p r ( P 2 ) ) d r were i n t e g r a t e d 
^ o ^ o 
using a s t r a i g h t - f o r w a r d a p p l i c a t i o n of Simpson's r u l e . 
Radial Ve loc i ty . - -Al though t h e r a d i a l v e l o c i t y was not used in t he compu-
t a t i o n s , i t i s d e s i r a b l e to a t t empt to c a l c u l a t e t h i s q u a n t i t y to ge t 
some f ee l i ng for i t s magnitude. 
C o n s i d e r t h e c o n t i n u i t y e q u a t i o n 
| j : (pvr ) + r | - (pu) = 0 (10*0 
For convenience, let v = pvr; then we have 
5?= " r ^ (pu) (105) 
A numerical solution is obtained by a simple trapezoidal rule integra-
tion: 
yn+l yn + 2 ^yn+l + yn^ 
(106) 
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Applied here, this method becomes 
:i,n+l = Vi+l,n+l + % (ri+l h (pu)i+l,n+l + ri c^ (pu)i,n+l> 
(107) 
To approximate the a x i a l v e l o c i t y d e r i v a t i v e s , we use t h e a p p r o x i -
mation 
h^ in (
p u ) i n - ( P u ) i , n - 1 
Az (108) 
The f i n a l computat ional scheme becomes (using t h e boundary cond i t ion 
^ N + l , n + l = 0 ) : 
v = 0 
N+l,n+l 
(109a) 
— _ — Ar 
Vi,n+1 ~ Vi+l,n+l + 2Az 
ri+l (pi+l,n+lUi+l,n+l ~pi+l,nUi+l,n' 
+ ri(pi,n+lui,n+l-pinuin) (109b) 
It should be pointed out that a high degree of accuracy cannot 
be expected in v. The numerical schemes used to calculate u and T can 
be expected to give solutions which converge to the solution of the 
original differential equations. However, no such convergence can be 
expected for derivatives of the solution (such as k> )--particularly 
in cases such as the present, where the values of pu at successive steps 
up the tube are very nearly equal. Accordingly, only qualitative results 
can be expected. 
Mean Temperature.—The mean temperature T' is defined as that temperature 
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which is related to the total rate of heat transfer by the equation 
Tf o m 
w / c'dT' = Q (110) 
; Tt P 
To find T1 , an expression: must be developed for Q, the rate of heat 
transfer. 
Consider the first law of thermodynamics written for a "control 
volume"; i.e., an element of volume fixed in space (here, a length z' of 
tube) (30): 
— Z? 
Q = / (H1 + ^ Z +gzI)p
,V.dA (111) 
For the p re sen t c a s e , t h i s reduces to 
r R -2 
Q = A 4 2 * / p ' u ' r ^ H ' + \ - + g z ' ) d r 
' o z 
T1 
m n  
> = w / c ' dT ' (112) 
T1 o 
Reducing t o non-dimensional form and s impl i fy ing , t h e r e s u l t i s 
T 
m 1/2 n r
l /2 /uV c dT = A ^8 / Hpurdr + 8 / pur 1 ^, ., (113) 
1 [ Jo Jo \ pQ o 
+ Z F*V ) dr P0 oj 
It is noted in the last term that the groups v /2c T and g D/c* T 
0 ^ ' p o z ' p^ 0 










z J o 
z • 
It is to be noted that 
H c dT 
F (115) 
The f i n a l r e s u l t i s 
n m 
' c dT = 8 / 
1 p Jo 
1/2 
Hpurdr (1.16) 
which i s solved fo r T . The in tegra l , on the r i g h t was evaluated by 
m J 
Simpson's r u l e . I f c ' i s c o n s t a n t , then 
l / 2 
T = 1 + 8 m Hpurdr (117) 





/I T cî o r1?2 \ 
V c + 2c.T 5 c f ~ - + 8-'- / Hpurdr 
o 1 o ^ o 2 p / p J 




The temperature T def ined by equat ion (110) I s a c t u a l l y a gener -
a l i z a t i o n of t h e cup-mixing t empera tu re . 
Local Nusse l t Number.--To find an express ion for the numerica l eva lua -
t i o n of the l o c a l Nusse l t number, we f i r s t note t h a t by d e f i n i t i o n 
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h = k , dT
1 
r ' = R 
w o r ' 
(K - Ti) 
Then, p u t t i n g i n n o n - d i m e n s i o n a l fo rm, 
(119) 
kD 




1= i /a 
m 
k'(l - T ) 
mv m 
(120) 
(Note that we choose to define Nu such that k' is evaluated at the mean 
dT 
t e m p e r a t u r e . ) Using e q u a t i o n (75) "to a p p r o x i m a t e ^ -
c a l a p p r o x i m a t i o n becomes 
•= 1/2 
, t h e n u m e r i -
r= 
Nu = 
k1 (3T - ^T + T ) 
w ^ N+l N r T f - l / 
k1 ( 1 - T H 2 & r ) 
m v m v ' 
(121) 
R e l a t i v e F r i c t i o n F a c t o r . - - F o r d e s i g n p u r p o s e s , p e r h a p s t h e most c o n v e n -
i e n t way t o p r e s e n t t h e p r e s s u r e d r o p d a t a c a l c u l a t e d i n t h i s s t u d y i s 










p r ( P 2 ) d r 
Thus G, t h e p r e s s u r e g r a d i e n t , may be b r o k e n up i n t o two p a r t s . The 
a/2 
f i r s t t e r m , 
2 / p r ( P 3 ) d r 
o 
TJ2 i s due t o t h e g r a v i t y h e a d ; t h e second 
term, 
Fr / pr(P2)dr 
-' o 
, is the pressure drop caused by fluid friction, 1 




Rewri t ten in s impler form, equat ion (122) i s 
G = Gg + Gf (123) 
Examination of the results of this study shows that G may be approxi-
o 
mated closely by 
G„ = p /Fr (124) 
Then 
G = pm/Fr + Gf (125) 
To obtain the total pressure drop, the equation is integrated to give 
Ap = h \ pmdz + / Gf d z (126) 
i o o 
The first integration can be performed using the data given in this 
study for T as a function of z. The second integration was performed 
in this study using the trapezoidal rule. 
To simplify reporting the results, the concept of "relative fric-
tion factor" is introduced. The pressure drop computed is compared to 
the pressure drop that would have resulted had the fluid been flowing 
isothermally at the wall temperature. Thus, 
- / Gfdz 
WW /v VI 
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APPENDIX C 
IMPLEMENTATION OF NUMERICAL SCHEME 
The problem described in this study was solved by implementing 
the numerical scheme (described in detail in Appendix B) on the Burroughs 
220 Data Processing System at the Rich Electronic Computer Center of the 
Georgia Institute of Technology. The program employed the Burroughs 
Algebraic Compiler, which is a representation of Algol for use with the 
Burroughs 220. A description of this language is found in reference 
(^l)• Card equipment with Fortran characters was used. 
For completeness, the program used is presented at the conclu-
sion of this Appendix. Since the programming language used is not 
universally applicable, and since the language will doubtless change 
with passing time, it is explained below what the program does and how 
it does it, so that the ideas presented here may be implemented on 
another machine if desired. 
It should be pointed out that the dimensionless temperature T, 
rather than T, was used for the actual computations in the program. 
T is much easier to handle in many situations in the program- All 
results are printed out as T, rather than T. 
Physical property data for the various substances were fitted 
by empirical equations. In some cases, the particular form of the 
equation depended on the substance being investigated. A complete 
discussion of the equations used is given in Appendix E. 
Perhaps the clearest way to discuss the program is by reference 
to a flowsheet. A simplified flowsheet is shown in Figure 33t an^ is 
explained block by block below. This explanation covers only the 
essential features of the program, and does not mention all the details 
of the program, many of which are irrevelant to an understanding of 
the program. 
1. Start . 
a. Read in Re, D, T', T , constants for physical property 
o w 
equations, the grid spacing, and a constant t e l l i n g 
whether the flow is upward or downward. 
b . Compute Pr, Fr, u /u , and Fc. 
c. Print out Re, Pr, Ar, (Az ) , Fr, T ., T ' , the constants 
in the physical property equations, I), \i /\i , and Fc. 
d. Compute the i n i t i a l veloci ty prof i le (parabol ic) . 
2 . Calculate temperature prof i le a t z = (A z) . 
a. Compute T. 0 from equations (90)• 
3 . Evaluate ^., p, c , k. 
sr 
a. Set u. = p. = k. = 1 for i = 1, . . . . N- l . 
• i l l ' 
b . Evaluate propert ies a t point N at temperature T„ p . 
c . Evaluate propert ies a t point F+l a t r2 . 
w 
d. Print out z, Pe/z, Pe / z . 
k. Compute pressure gradient and ax ia l veloci ty p ro f i l e . 
a. Evaluate PI , P2, P3 by scheme (105). 
l /2 1/2 
b . Evaluate integrals / pr(P^)dr and / pr(P2)dr 
^ o -'o 
by Simpson's ru le . 
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c . Evaluate G by equat ion (101) . 
d. Compute u by equat ion (102) . 
e . Compute f / f . 
w 
5 . Ca lcu la t e r a d i a l v e l o c i t y a t s e l e c t e d i n t e r v a l s . 
a . Ca lcu la t e v from equat ion ( IO9) . 
b . Ca lcu la te T from f. 
c . Ca lcu la t e Pe / z . 
J_I 
d. Ca lcu la t e up . 
e . P r i n t out r , u , T, v , Pe / z , up. 
6 . Compute mean t empera tu re . 
a . Compute T from equat ion (117) o r (118) . 
b . Compute P e . / z and Pe / z . 
A' m' 
7 . Compute l o c a l Nussel t number. 
a . Compute Nu from equat ion (121) . 
b . P r i n t out T , Nu, G„, G, f / f , Pe A / z , Pe / z . 
8 . Test for i n s t a b i l i t y of flow. 
a° I f \ n f l - °' S t 0 p * 
b* I f u l , n + l < 0 ' s t o p ' 
9 . Test for changing A z . 
a . I f Az > 0.003 P e , go on t o box 10. 
b . For t he f i r s t 30 s t e p s , i f Nu has changed l e s s than 
t h r e e per cent in a s i n g l e s t e p , double A z . 
c . For succeeding s t e p s , i f Nu changes l e s s than f ive 
per cent in a s i n g l e s t e p , double A2;. 
10. Inc rease z by A z . 
1 1 . I f z < Pe / lO , s t o p . 
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12. Calculate temperature profile. 
a. Print out z, Pe/z, Pe /z. 
b. Compute temperature profile from equations (8*0, (86), 
(87) and (88). 
l^. Evaluate |i, p, c , k, then go to box Ij-. 
The program was written in a rather general .-form, so that such 
quantities as the grid spacing Ar (and accordingly, the number of grid 
intervals N) could be varied to find a suitable size. Likewise, the 
scheme allows for variable (Az) . 
o 
The computer program presented below is not intended to be a 
polished, highly efficient program. There are many improvements and 
omissions that can be made; this program is really an evolved product 
based on many other ideas which proved less successful and were discarded. 
The empirical equations for viscosity and density in the program 
presented were those used for oil A. The form of these equations was 







PROFILE AT Z = (AZ), 
(3) 
EVALUATE 















IS Z LESS 
























IS UN 3 OR 
U 1 3 LESS THAN 
OR EQUAL TO ZERO? 
Figure 33- Flowsheet of Computer Program. 
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COMPUTER PROGRAM 
BURROUGHS ALGEBRAIC COMPUTER. - STANDAltt) VERSION 2/l/62 




FUNCTION FCP(I,N)=(C0+C1.T(I,N)T0+C2.T(I,N)T(I,N)T0.T0)/'CP0 $ 
FUNCTION FK(I)=(K0+K1.T(I,2)T0+K2.T(I,2)T(I,2)T0.T0)/K01 $ 
FUNCTION FVIS(l)=((5/8586**-3)KXE(^920.2/T0,T(I,3))-7 (8.8578**-10) 
EXP(1362^.0/TO.T(1,3)))/Vl $ 
FUNCTION FRH0(l,N)=(R0+Rl.T(l,N)T0+R2.T(l,N)T(l,N)T0.T0)/RH00 $ 
FUNCTION DT(I) = (BT(I) + 1*.0)T(I,1) - T(l+l,l) - T(I-l,l) 
+X.(T(1+1,2) - T(I-1,2)) (( -1.0) 
/((I-l)X) - ((K(I+1) - K(l-l)) /(2K(I)X))) $ 
TRANS.. READ($$DATA) $ 
T(l,3) = T(l,2) = RHOO = KOI = CPO = VI =•• 1..0 $ 
RHOO = FRH0(1,3) $ 
CPO = FCP(1,3) $ 
KOI = FK(1) $ 
VI = FVIS(l) $ 
PR = V1.CP0/K01 $ 
V2 = RE.Vl/DIA.RHOO(3600.0) $ 
F = F(32.17DIA)/V2.V2 $ 
T(N+1,3) = TW $ 
RATIO = 1.0/FVIS(N+1) $ 
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SAM = 2RE.F(1.0-FRHO(N+1,3))/(1.0+FRHO(N+1,;0) $ 
WRITE($$N01,FMTl) $ 
FOR I = (1,1,N+1) $ 
BEGIN U(I,2) = 2.0(1.0 - if (I-l)( I-1JX.X) $ 
T(I,3)=T(I,2)=RH0(I,2)=K(I)=CP(I,2)=VIS(I)=RH0(I,3)= 
CP(I,3) =1.0 END $ 
COW = 1.0 $ 
NU(1) = RATIO =0.0 $ 
T(N+1,2) = (1.0 + TW)/2.0 $ 
T(N,3) = 1.0 + DEL(TW-1.0)(0.5/(N-1)+1.0)/2X.X.RE.PR.U(N,2) $' 
T(N+1,3) = TW $ 
TCUM = DEL $ 
TTOT = RE.PR/lO $ 
TTEST = DEL $ 
FOR I = N,N+1 $ 
BEGIN RH0(I,3) = FRH0(I,3) $ 
CP(I,3) = PCP(I,3) $ 
K(I) = FK(I) $ 
VIS(I) = FVIS(I) END $ 
SAM = -32.0VIS(N+1)/RH0(N+1,3)RE $ 
BUG = RE.PR/DEL $ 
DP2 = BUG.CP(N+1,3)/K(N+1) $ 
WRITE($$N02,FMT2) $ 
GO TO AXV $ 
FROG.. BUG = RE.PR/TCUM $ 
DP2 = BUG.CP(N+1,3)/K(N+1) $ 
WRITE($$N02,FMT2) 
COMMENT CALCULATE TEMPERATURE PROFILE 
FOR I = (2,1,N) 
BT(I) = -((X.X.RE.PR.RH0(I,2)CP(I,2)U(l,2))/(K(l)DEL)) 
BETA(2) = 1.5BT(2) +2.0 
GAMMA(2) = 1.5DT(2)/BETA(2) 
FOR I = (3,1,N) 
BEGIN BETA(I) = BT(l) - (l.o/BETA(l-l)) 
GAMMA(I) = (DT(I) - GAMMA(I-1))/BETA(I) END 
T(N+1,3) = TW 
FOR I = (N,-l,2) 
T(I,3) = GAMMA(I) - (T(I+1,3)/BETA(I)) 
T(l,3) = (̂ T(2,3) - T(3,3)) / 3 
FOR I = (1,1,N+l) 
BEGIN RH0(I,3) = FRH0(I,3) 
VIS(I) = FVIS(I) 
CP(I,3) = FCP(I,3) EN^ 
COMMENT CALCULATE AXIAL VELOCITY PROFILE 
AXV.. Pl(l) = P2(N+1) = P3(N+1) = 0.0 
Pl(2) = X.X(1^ RH0(2,3)-2RH0(3,3))/2^.0 
FOR I = (3,1,N+l) 
Pl(I)=P1(1-2)+X.X((l-l)RHO(1,3)+4.0(1-2)RHO;1-1,3) 
+ (l-l)RH0(l-2,3))/3 
P2(N) = X.X(-19.0(N-^)/VIS(N-3) + 106.0(N-3)/VIS(N-2) 
-261+.0(N-2)/VIS(N-l) + 6k6.0(N-1)/VIS(N) + 251.0(N ) 
/VIS(N+l))/720.0 
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P3(K') = (-19.0Pl(N-3)/(N-4)VIS(N-3) + 106.0Pl(N-2) / (N-3) 
VIS(N-2) - 264.0P1(N-1)/(N-2)VIS(N-1) + 646 .0P l (N) / (N- l ) 
VIS(N) + 251.0Pl(N+l) /N.VIS(N+l)) /720.0 
P2(N-1) = P2(N) + X.X((N-V)/VIS(N-3) - 5.0(K-3)/VIS(N-2) 
+ 19.0(N-2)/VIS(N-l) + 9 .0 (N- l ) /VIS(N) ) /24 .0 
P3(N-1) = P3(N) + (Pl(N-2)/(N-4)VIS(N-5) - 5 .0P l (N-2 ) / (N- j ) 
VIS(N-2) + 19.0P1(N-1)/(N-2)VIS(N-1)+9.0P1(N)/(N-1)VIS 
W)/2k 
FOR I = (N-2 , -1 ,2 ) 
BEGIN P2(I ) = P2(I+2) + X.X(( l+ l ) /VIS( l+2) + 4 . 0 ( I ) / V I S ( l + l ) 
+ ( I - l ) / V I S ( l ) ) / 3 . 0 
P3( I ) = P3(l+2) + ( P l ( l + 2 ) / ( l + l ) V I S ( l + 2 ) + 4 . 0 P l ( . T + l ) / l . 
VIS(I+1) + P l ( l ) / ( l - l ) V I S ( l ) ) / 3 . 0 
DPI = DP2 = DP3 = DP4 = 0 . 0 
FOR I = (2,2,N) 
BEGIN DP2 = DP2 + RHO(I ,3 ) ( I - l )P3 ( I ) 
DPI = DPI + RHO(1+1,3)l .P3(I+l) 
DP4 = DP1+ + RH0( I ,3 ) ( I -1 )P2( I ) 
DP3 = DP3 + RH0(I+1,3)I .P2(I+1) 
INT1 = 0.66666667(2DP2 + DP1)X.X 
INT2 = 0.66666667(2DP4 + DP3)x.x 
GFRIC = -1/4RE.INT2 
G = GFRIC + 2F.INTl/lNT2 
FOR I = (2,1,N) 





U(I,3) = (MJ(2,3) - U(3,3))/3 $ 
GAPP(2) = GFRIC/SAM $ 
IF COW EQL 1.0 $ 
GAPP(l) = GAPP(2) $ 
RATIO = ((TCUM - DEL)RATIO + 0.5DEL(GAPP(2) + GAPP(l))) 
/TCUM $ 
IF (TCUM GEQ TTEST) OR (U(N,3) LEQ 0.0 ) OR (U(l,3) LEQ 0.0) $ 
BEGIN P1(N+1) =0.0 $ 
L = N/lO $ 
FOR I = (N+1-L,-L,l) $ 
P1(I) = P1(I+L) + L.X.X ((I+L-1)(RH0(I+L,3)U(I+L,3) 
-RH0(I+L,2)U(I+L,2))4-(I-1)(RH0(I,3)U(I,3)-RE[0(I,2)U(I,2))) 
/2DEL $ 
WRITE ($$FMT3A) $ 
FOR I = (1,L,N+1) $ 
BEGIN W = (I-1)X $ 
T(21+I,3) = (T(I,3) " LO)/(TW - 1.0) $ 
T(21+I,2) = T(I,3) $ 
DP6 = BUG.CP(1,3)/FK(21+1) $ 
INT1 = RH0(I,3)U(I,3) $ 
WRITE ($$N03,FMT3B) END $ 
TTEST = TTEST + 8DEL ENI) $ 
COMMENT CALCULATE MEAN TEMPERATURE $ 
DPI = DP2 = 0.0 $ 
FOR I = (2,1,N) $ 
BEGIN P1(I) = RH0(I,3)U(I,3)(I-1) $ 
P2(I) = (T(I,3)-1.0)(C0+0.5C1(T(I,3)+1.0)TO)/CP0 
P5(I) = P1(I)P2(I) END 
FOR I = ( 2 , 2 , N ) 
BEGIN DP2 = DP2 + P 5 ( l ) 
DPI = DPI + P 5 ( I + 1 ) END 
HM = X.X(4DP2 + 2 D P l ) / 5 
TM = (-C0+SQRT(C0.C0+2C1.T0(C0+0.5C1.T0+8CPC.HM)))/C1 
T ( 5 1 , 5 ) = T ( 5 1 , 2 ) = 0.5(TxM + 1) 
C P ( 5 1 , 3 ) = FCP(51 ,3 ) 
K(51) = PX(51) 
T ( 5 0 , 5 ) = T ( 5 0 , 2 ) = TM 
DP6 = BUG.FCP(50,5) /FK(50) 
NU(2) = (5TW-^T(N,5)+T(N-1,5))K(N+1)/2X(TW-TM)FK(.50) 
NUL = 4BUG.HM/(2TW-TM-1)K(51) 
BUG = BUG.CP(51 ,3) /K(51) 
TM = (TM - 1.0) / (TW - 1 .0 ) 
WRITE ($$N04,FMT^) 
COMMENT TEST FOR INSTABILITY OF FLOW 
IF (U(N,5) LEQ 0 . 0 ) OR ( U ( l , 3 ) LEQ 0 . 0 ) 
STOP 
COMMENT TEST TO SEE IF DELTA L/D CAN BE INCREASED 
IF DEL GEQ O.OO^RE.PR 
GO TO MAXDL 
EITHER IF COW LEQ ̂ 0.0 
W=0.03 
OTHERWISE 
w = 0.05 $ 
EITHER IF ABS((NU(1) - NU(2))/NU(2)) LEQ W $ 
BEGIN W = 1.0 $ 
DEL = 2DEL END $ 
OTHERWISE $ 
MAXDL..-W = 0.0 $ 
TCUM = TCUM + DEL $ 
FOR I = (l,l,N+l) $ 
BEGIN IF W NEQ 0.0 $ 
GO TO GRASS $ 
T(I,l) = T(1,I) $ 
GRASS.. U(l,2) = U(I,3) $ 
T(l,2) = T(I,3) $ 
RH0(I,2) = RH0(I,3) $ 
CP(I,2) = CP(I,3) $ 
K(I) = FK(I) END $ 
GAPP(l) = GAPP(2) $ 
NU(1) = NU(2) $ 
COW = COW + 1.0 $ 
IF TCUM LSS TTOT $ 
GO TO FROG $ 
STOP $ 
INPUT DATA(RE,F,TW,T0,D]^,X,DEL,N,R0,R1,R2,C0,C1,C2,KG,K1,K2) $ 
OUTPUT N01(RE,PR,X,DEL,F,TW,T0,R0,R1,R2,RH00,V1,V2,C0,C1,C2,CP0, 
K0,K1,K2,KOI,DIA,RATIO,SAM) $ 
OUTPUT N02(TCUM,BUG,DP2) $ 
107 
OUTPUT N03(W,U(I,3),P1(I),T(21+I,3)DP6,INT1) $ 
OUTPUT N04(TM,NU(2),MJL,GFRIC,G,GAPP(2),RATIO,BUG,DP6) $ 






FORMAT FMT2(*L/l>=*,Fl4.8,B5,*RE.PR(D/L)=*,Fl4.8,B5,*M0W=*,Fl4.8,W^) $ 
FORMAT MT3A(B9,*R*,Bl6,*U*,Bl6,*V*,Bl6,*r*,B15,*MOI^,Bl4,*U.RHO*,W2) $ 
FORMAT FMT3B(6F17.8,WO) $ 






STABILITY AND CONVERGENCE OF NUMERICAL SCHEME 
The questions of stability and convergence of the numerical scheme 
used in solving the energy equation are difficult ones. Only heuristic 
arguments can be made here--but these arguments are based on those used 
by professional mathematicians (32) in cases where the coefficients of a 
differential equation are variable and where the boundary conditions are 
not of the proper type for an easy proof—or for any proof at all. 
The argument used is this: an equation of the same form as the 
energy equation, but with constant coefficients, wi.'.l be investigated. 
The von Neumann stability criterion is applied to this equation. In 
essence, this criterion consists of attempting to find a solution of the 
form A| e to a difference equation. If such a solution is found 
and if M < 1 + 0(At), then, under certain restrictions (33), the equa-
tion is said to be stable. If it is stable, it is assumed to be conver-
gent; this assumption can be proved for large classes of linear equations. 
(Richtmyer (33) gives a very thorough treatment of these questions. A 
much more elementary, but also much less complete treatment is given by 
Hildebrand (3*0.) 
If the difference scheme is found to be unconditionally stable 
when the coefficients are constant, it will, likewise be assumed to be 
unconditionally stable when the coefficients are variable. This is the 
essence of the argument used by Richtmyer (32)--an argument with experi-
mental and intuitive (but no theoretical) justification. 
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We consider the differential equation with constant coefficients 
du d u , , ĉu. 
3t = a —=• + b 3- , a > 0 (1-28) 
We make the f in i te difference approximation 
u. . _ - u. _ 
j ,n+l j , n - l _ a 
2At 2 
u. n - 2u. . -, + u . _ , _ j+l,n+l J,n+1 j - l , n + l 
(Ax ) 2 
(129) 
u . , - , -, - 2u. + u. 
+ ,1+l^n-l J,n-1 j - l , n - l 
(Ax ) 2 
2Ax u. . , -u. j+l ,n j - l , n 
We attempt to find a solution of the form 
A „ n im j Ax u. = A| e ° 
jn 
(130) 
where i =>v/-l. After substi tuting and simplifying, we obtain 
, ,2 -v , lj-aAt . 2 ,mAxw,2 , _v 2b(At) , . . , A x n /-.,-. \ (I -1) + 5 sin (-^-)(£ + 1) hr-
1- I.1 sm(mAx) = 0 (I3I) 
(Ax) ^ ^ 
We let 05 = and P = -^— ; after making these substi tutions and solv-
(Ax)2 2 
ing for I, we obtain 
M » ^ - , I ^ . . . n t M a a 
1 + a sin P 1 + a sin P 1 +a sin p / 
Thus, 
< 
, , /aAt . o f t 
4b / sin 2p 
rsj a _ 
1 + sin2p 
' 1 - a sin2p 
1 + a sin p 
< 1 + 0(At) (13.5) 
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Thus, the von Neumann stability criterion is satisfied for any "b and any 
a > 0, for this difference equation which has the same form as the energy 
equation. Under the assumptions of the argument, then, the energy equa-
tion is stable and convergent. 
This argument is perhaps unsatisfactory; more satisfying is the 
excellent agreement between the numerical scheme and the Graetz Solu-
tion for the case of constant physical properties, shown in Table 1. 
At least for this special case, the numerical scheme is apparently 
stable, convergent, and equally important, accurate. 
For the explicit finite difference equation, it is likewise 
true that no rigorous stability and convergence arguments can be made. 
However, it is felt that the present explicit scheme behaves like the 
explicit scheme for the equation 
|H = a(x,t) £-£ + 2b(x,t) |£ - c(x,t)u + d(x,t) 
dx 
(13*0 
with slightly different boundary conditions, for which a sufficient 
condition for stability and convergence can be shown to be (35) 
At < 
(Ax)' 
2a(x,t) + (Ax)'"c(x,t) 
(135) 
This supposition is based on the results of Richtmyer (32). In the pres-
ent case, the stability condition becomes 
(ArT u. Pe 
Az < in (136) 
This requirement was always met in this study. 
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APPENDIX E 
PHYSICAL PROPERTY DATA 
Four substances were considered in the calculations reported 
in this study: oil A, water, air, and helium. To investigate the 
heat transfer and fluid friction characteristics of the substances, 
it was necessary to fit their physical properties with empirical 
equations. These equations were fitted to the data to an accuracy 
usually well within one per cent. The physical property data and the 
empirical equations used are given in Tables "J-IO. 
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\-"° IL A 
v^ tfATER 
HELIUM 
^ A l R 
200 400 600 800 
TEMPERATURE, °F 
1000 1200 1400 
Figure 3̂ - Viscosities of Substances Studied. 
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Table 7. Phys ica l P r o p e r t i e s of Oil A ( 9 ) . 
T ' , ° F p 1 , l b / f t ^ c 1 , Btu / lb-°R k 1 , B t u / f t - h r - ° R \i], l b / f t - s e c 
90 55.47 0.450 0.07393 
100 55.25 0.455 O.O7370 
120 54 .81 0.466 O.O7327 
14 0 54.37 0.477 0.07282 
160 53.92 0.487 0.07230 
180 53 .^8 O.498 O.O7195 
200 53.03 O.508 O.O7150 
220 52.58 0.519 0.07108 
24 0 52.13 O.53O O.O7065 
Empir ica l equa t i ons : 
p1 = 67.70978 - 2.22667 x 10" 2 T' (p f in l b / f t 5 ; T ! , ° R ) 
c ' = O.I578O + 5.31579 x 10 T1 ( c 1 in Btu / lb -°R; T 1 , °R) 
k1 = 0.085994 - 2.19474 x 10"5 T ! (k1 in B t u / f t - h r - ° R ; T : , °R) 
[i1 = 1.6274 x 10"° exp (4.9202 x 10^/T1) 
+ 2.4605 x lO" 1 ^ exp (1.3624 x 10 / T ' ) ( ( i ' in l b / f t - s e c : I',°R) 
2.685 * 1 0 " 
2.022 x 10" : 
1.195 x I C T 
O.7829 x 10 
0.5500 x 10' 
0.4022 x 10' 
0.3023 x 10' 
0.2377 x 10' 
0.1913 x 10' 
This o i l was furnished to M a r t i n e l l i and co-workers by t h e 
Standard Oil Company of Ca l i fo rn i a fo r t h e i r t e s t s . 
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Table 8. Phys ica l P r o p e r t i e s of Water ( 3 6 , 3 7 ) . 
T ' / F p ' , l b / f t 5 k ' , Btu/ft- l : ."- cR 
80 62.22 
100 62.00 
120 61 .71 
l40 61 .38 
16 o 61 .00 
180 60 .58 
200 60.13 
220 59.63 









p ' = 4 6 . 8 5 3 H + 6.55268 x 10"2 T ! - 6.875 x 10" ' T l 2 
(pT in l b / f t 5 ; T ' , °R) 
c ' = 1.000 (c f in Btu / lb -°R) 
P v P 
k1 = -0.49958 + 2 .589 I I x 10" 5 T' -1.875 x 10 T t 2 
(kT in B t u / f t - h r - ° R ; T ' , °R) 
= 2.1482 (T' - 8.435) +^JsoiQ.k + (TT - 8.435 V 
(|i* in p o i s e s ; T ' , °C) (37) 
-1.20 
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Table 9 . Phys ica l P r o p e r t i e s of Ai r ( 38 ) . 
T ' , ° F p ' , * l b / f t 3 c 1 , Btu / lb-°R 
P* ' k ' , 
B t u / f t - h r - ° R n', n ) / f t - s e c 
80 0.0735 0.2402 O.OI516 1.24.1 X 10"
5 
170 0.0623 0.2410 0.01735 1.39^ X lO"
5 
260 0.0551 0.2422 0.01944 1.536 X 10-5 
350 0.0489 0.2438 0.02142 1.669 X 10-5 
44o o.o44o 0.2459 0.02333 1.795 X 1 0 ' 5 
530 0.0401 0.2482 0.02519 1.914 X 10-5 
620 0.0367 0.2520 0.02692 2 .028 X 10-5 
710 0.0339 0.2540 0.02862 2.135 X 10-5 
800 0.0314 O.2568 0.03022 2.239 X 10-5 
890 0.0294 0.2593 O.O3I83 2.339 X 10-5 
980 0.0275 0.2622 O.O3339 2 .436 X 10-5 
1070 .0.0259 0.2650 0.03483 2.530 X 10-5 
Empirical L equat i ons : 
p ' = 39.667215 A ' (P* in l b / f t ^ ; T
5 , °R) 
c 1 = 0.22369358 + 2.6278162 x 10"5 T1 ( C in Btu / lb -°R; 
T; , °R) 
k1 = 1.002167 x 1 0 _ 5 + 2.8649806 x l O - 5 T ! 
- 4.2876644 x 10~9 T ' 2 (k1 in B t u / f t - h r - ° R ; T ' / R ) 
2 . 6 3 1 4 2 X 1 0 " ^ ( T ' ) 1 " 5 / , • n x , / p + >, m . oRX 
ii' = — ( T ' + 198.74) — ^ ^ lh/ft'hr' T > R ) 
At one atmosphere pressure. 
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Table 10. Phys ica l P r o p e r t i e s of Helium (39 ) . 
T V F p ' , * l b / f t 3 c ' , B t u / l b - ° R * • , B t u / f t - h r - ' R , ' , I b / f t - s e c 
0 0.0119 1.242 0.0784 1.221 x 10" ' 
200 0.00829 1.242 0.0977 I .549 x 10"
y 
4 00 0.00637 1.242 0.114 1.848 x 10"
5 
6oo 0.00517 1.242 0.130 -5 2.092 x 10 • 
8oo 0.00439 1.242 0.145 P.335 x 1.0""' 
1.000 0.00376 1.242 0.159 2.
c;6.5 x 10"5 
Empir ical e q u a t i o n s : 
p1 = 5 ^ 6 8 8 3 0 / T ' ( P ! in l b / f t 3 ; T ' , °R) 
c ! = 1.242 ( c ' in Btu / lb -°R) 
P P 
4 R 2 
k* = 0.03383724 + 1.0399225 x 10 T' - I .25 x 10 T : " 
( k ' i n B t u / f t - h r - ° R ; T 1 , °R) 
, 4.3956 x 10" 2 ( T ' ) 1 ' 5 f , . . , / « . , „,, oDx 
H = (T f + 1 3 1 . 2 5 ) ^ m l b / f t " h r ^ T > R ) 





Table 11. Mean Temperature and Local Nusselt Number for 
Liquids a t U /(J. := 1 . 
Fc Pe /z T Nu Fc P e ™ / Z T Nu m m w m 
± 0 .1 9090 0.0137 26 .7 100 4780 o.oi4i 2 9 . 1 
3570 0.0257 17.0 9780 0.0268 I 8 . 7 
980 0.0600 10.3 n4o 0.0616 1.1.6 
382 0.109 7.39 368 0.129 8.01 
97 .1 0.254 4.82 112 0.267 5.69 
35-^ 0.452 3.93 38.2 0.476 4.52 
10.0 0.811 3.64 10.7 0.808 3-98 
200 9970 0.0147 30 .7 4oo 9890 0.0159 32 .7 
3890 0.0291 19.7 3830 0.0332 21.4 
1050 0.0724 12.0 1070 0.0828 13.4 
384 0.141 8.75 384 0.167 9 .91 
127 0.280 6.56 110 0.360 7.63 
37 .3 O.526 5.15 39 .1 0.573 6 .30 
10.7 O.833 4 .00 2 6 . 1 0.664 5.3.1 
8oo 9770 0.0180 35-6 -100 9520 0.01.23 2^.9 
3750 O.0396 2 4 . 1 396O 0.0210 16.6 
1180 O.0935 15.8 1127 0.0454 9.92 
536 0.163 12.8 362 0.0908 6 .5^ 

























Table 12. Mean Temperature and Local Nusselt Number 
for Liquids at u /u = 2. 
Fc Pe / z T Nu Fc Pe / z T Nu 
m' m m m 
± 0 . 1 9220 0 . 0 1 5 7 3 1 . 3 100 9220 0.01.66 3 2 . 6 
3360 0 .0315 1 9 . 2 3210 0 . 0 3 6 0 2 0 . 1 
1060 O.O65O 1 1 . 8 1070 0 .0746 1 2 . 9 
322 0 .134 7 . 6 3 324 0 . 1 6 0 8 .56 
115 0 .244 5 .44 110 0 . 3 0 3 6 . 3 2 
3 2 . 5 0 . 4 8 8 4 . 0 5 3 4 . 0 o.5
j43 4 . 9 3 
1 0 . 6 O.805 3 . 7 7 1 0 . 4 0 . 8 4 8 4 . 0 5 
200 9340 0 .0172 3 ^ . 0 4 00 8700 0 -0193 3 5 . 2 
3400 0 .0375 2 1 . 8 3480 o.o4o9 2 4 . 2 
1070 O.O833 1 3 . 8 1030 0 . 0 9 9 8 1 5 . 2 
351 0 . 1 7 3 9 . 6 3 308 0 .226 .10.8 
8 8 . 7 
3 5 . 7 
1 0 . 6 
O.396 
0 . 5 9 1 
0 . 8 7 1 
6 . 8 4 
5 . 8 9 
4 . 3 4 
124 0 .396 9 • 13 
800 9230 O.OI95 3 9 . 2 - 1 0 0 9120 0 . 0 1 4 7 2 9 . 6 
3360 0 .0479 2 7 . 3 3320 0 .0275 1 7 . 6 
1000 0 .122 1 7 . 7 io4o 0 . 0 5 2 8 1 0 . 6 
318 0 .275 13 .4 308 
9 4 . 0 
3 1 . 9 
1 0 . 4 
o.io4 
0 . 2 0 8 
0 . 4 1 0 
0 . 7 5 9 
6 . 5 2 
4 .* . l 
3 . ^ -






0 . 0 2 2 0 
O.O367 
0 .0459 
2 7 . 9 
1 5 . 9 
9 . 0 3 
7 .06 
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Table 13 . Mean Temperature and Local Nusse l t Number 
for Liquids a t u /\x = 5 . 
Fc p«fe/! m Nu Fc Pe /z m' m 
Nu 




8780 0 . 0 1 8 1 3 6 . 5 100 8780 0 . 0 1 9 0 3 7 . 9 
3080 0 . 0 3 9 0 2 2 . 6 3080 0.01+31 Oil >i 
967 0 . 0 7 8 7 1 3 . 2 1000 0 .0915 1.1+.9 
312 0 . 1 5 0 8.1+0 316 0 . 1 8 9 9 . 8 5 
9 7 . 5 0.281+ 5 . 5 7 101+ 0 .364 7 . 3 0 
3 1 . 5 0 . 5 1 3 If .23 3 4 . 5 0 . 6 1 3 5 . 9 6 
1 1 . 3 0 . 7 9 8 3 . 7 9 1 1 . 2 0 . 8 7 1 l + o l 
801+0 0 .0212 3 8 . 0 1+00 8680 0 .0206 4 1 . 0 
3520 0.01+18 2 7 . 5 3110 0 .0505 2 8 . 7 
1050 O.0993 1 6 . 5 996 0 . 1 2 0 1.8J4 
316 0 . 2 2 0 1 1 . 1 358 0.21+8 1 3 . 6 
9 8 . 3 O.kkk 8 . 9 0 204 0 . 3 6 0 12 A 
^ 3 . 9 0 . 6 3 7 8 . 0 0 
7950 0 . 0 2 3 7 1+2.9 - 1 0 0 8730 0 . 0 1 7 1 3 5 . 0 
3320 0 .0532 3 3 . 3 3220 0 .0329 2 1 . 1 
960 0 . 1 4 8 2 1 . 9 101.0 0.058.3 11. J 




C 0 JC. 
5.07 
8650 O.OI.59 3 2 . 3 
3310 0 .0256 1.8.8 
I3I+0 O.O308 1 1 . 1 
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Table 14. Mean Temperature and Local Nusse l t Number 
for Liquids a t [i /[i = 1 0 . 
Fc Pe / z T Nu Fc Pe / z T Nu 
nr m m m 
± 0 . 1 7860 0 .0206 3 8 . 8 100 7860 0 .0216 4 0 . 8 
3160 0 . 0 4 1 3 2 6 . 3 3380 0 .0424 2 9 . 4 
918 0 . 0 8 7 3 1 4 . 2 996 0 . 1 0 0 1 6 . 9 
2 8 1 O . I67 8 . 5 9 2 9 1 0 .222 1 0 . 7 
9 4 . 4 O.299 5 . 7 8 8 7 . 1 0 . 4 5 7 8 .24 
3 3 . 1 0 .512 ^ . 3 3 3 8 . 9 0 .652 7 . 3 3 
1 1 . 7 0 . 7 9 9 3 . 7 9 2 2 . 5 O.767 6o^e 
200 7210 0 .0229 4 l . O 400 83^0 0.021.5 4 4 . 1 
3100 0.014-83 3 0 . 1 3050 0.05i4-2 52.5 
1000 0 . 1 1 3 1 8 . 6 1000 0 . 1 3 3 21.5 
313 
109 
0 . 2 5 3 
0 .494 
1 2 . 6 
1 0 . 9 
298 0 .326 15.6 
800 7830 0 .0235 4 6 . 2 - 1 0 0 7860 O.OI93 57 .0 
296O 0 . 0 6 0 7 3 6 . 2 3150 0 . 0 3 5 8 23 .8 
806 0 .186 24 .4 879 
335 






0 . 0 1 7 8 
0 . 0 2 7 7 
3 4 . 6 
2 0 . 2 
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± 0 .1 
Table 15 . Mean Temperature and Local Nusse l t Number 
for Liquids a t u /u = 2 0 . 
Fc Pe /z T Nu Fc Pe /z T Nu 




8000 0.0199 42 .2 100 8000 0.0206 43.5 
3020 0.0442 28 .8 3020 o.o484 31 .1 
905 0.0926 15.4 878 0.119 17 .8 
274 0.176 8.95 332 0.230 1.2.4 
96 .1 0.304 6 .01 121 0.449 10 .1 
29 .9 0.5^6 4.34 66.6 0.600 9 .71 
12. 4 0.790 3.86 
678O 0.0258 42 .3 4 00 7790 0.0216 46 .3 
2840 0.0537 32 .3 3i4o 0.0532 36.4 
96k 0.126 20 .7 945 0.150 24 .0 
373 0.256 15.2 405 0.298 19.5 
167 0.455 13.8 
7970 0.0235 4 8 . 1 -100 8000 0.0188 4o .7 
3010 0.0594 39.9 3220 0.0369 2.6.7 
1230 0.138 31.2 932 0.0557 1.2.5 
7520 0.0187 36.9 
3080 0.0278 2 2 . 1 
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Table 16. Mean Temperature and Local Nuss.elt Number 
for Liquids at u /u = 0 . 5 . 
Fc Pe /z T 
m 





± 0 .1 9610 0.0112 23 .0 100 9610 0.0122 24.2 
3570 0.0218 14.7 3340 0.0254 I 5 . I 
1170 0.0^65 9.82 1150 0.0533 10.4 
3^0 0.106 6.49 337 0.121 6.99 
119 0.208 4.76 103 0.256 5.05 
34 .8 0.437 3.70 33.2 0.481 4.02 
10.2 0.792 3.60 10 .1 0.812 3.68 
200 987O 0.0127 25 .7 4 00 9420 0.0144 2 7 . 1 
37^0 0.0254 16.6 3420 0.0307 17.4 
1120 0.0596 10.8 n4o 0.0678 11.9 
37^ 0.125 7.66 357 0.151 QM 
108 0.274 5 .51 126 0.292 6.65 
38 .3 0.478 4.46 34.7 0.549 5.20 
10 .1 0.827 3.84 10 .1 0.851 4 .02 
800 9760 0.0161 30.4 -100 9490 0.0.102 21.6 
3700 0.0344 20.2 3530 0.0193 13.8 
1150 0.0810 13.5 1160 0.0399 9 .11 
397 0.172 10 .1 336 0.0897 5.9^ 































Table 17. Mean Temperature and Local Nusselt Number 
for Liquids at u /u = 0.2. 
Fc Pe / z T Nu Fc Pe / z T Nu 
m' m m! m 
± 0 . 1 9790 O.OO83 1 9 . 0 100 9790 0 . 0 0 9 1 19 0 9 
4o6o O.OI59 1 3 . 4 396O O.OI77 1,5.9 
1290 O.O356 8 . 9 7 1020 0 .0464 8.69 
368 0 .0849 5 . 9 7 367 0 .0945 6 . 5 1 
106 O.198 4 . 1 5 106 0 .216 4 . 4 3 
3 6 . 8 0 . 3 9 1 3 . 4 4 36.7 0 .412 3 .64 
1 0 . 2 O.769 3 . 3 8 1 0 . 2 0 . 7 7 9 5 . 4 7 
200 9570 0 . 0 1 0 0 2 0 . 5 4oo 983O 0 . 0 1 1 0 2 2 . 5 
3920 0 .0192 1 4 . 3 36OO 0 . 0 2 3 1 1 4 . 9 
1200 0 . 0 4 5 1 9 . 5 8 1100 0 .0549 1 0 . 0 
396 0 . 0 9 7 8 6 . 8 0 350 0 .122 7 .12 
102 0 . 2 3 8 4 . 7 1 120 0 .244 5 .45 
36.4 0 . 4 3 3 3 . 8 6 3 5 . 2 0 .476 4 . 2 1 
1 0 . 3 0 .786 3 .56 1 0 . 4 0 . 8 0 0 5 . 6 8 
800 98OO 0 . 0 1 3 1 2 5 . 1 -100 9790 0 .0075 1 8 . 1 
3330 0 .0292 1 6 . 0 3400 o„oi6o 1 2 . 0 
114 0 0 .0642 1 1 . 3 1030 0 . 0 3 6 3 7 . 8 2 
330 0 . 1 5 3 8 .02 368 0 . 0 7 4 3 ;̂ . 6 1 
9 7 . 8 0 . 3 3 1 6 . 2 0 107 0 .179 5 . 8 7 
3 7 . 6 0 . 5 1 3 5 . 2 1 3 6 . 9 0 . 3 7 0 5 . 2 5 






3 7 . 0 




0 . 0 6 3 1 
0 .162 
0 .349 
0 . 7 4 4 
1 7 . 0 
1 1 . 4 
7.65 
5 . 2 0 
3 . 6 4 
3 . 0 6 
3 . 2 7 
125 
± 0.1 
Table 18. Mean Temperature and Local Nusselt Number 
for Liquids at u. /u =0.1. 
^ ^o' w 
Fc Pe /z T Nu Fc Pe /z T Fu 




9530 0 . 0 0 7 0 1 6 . 9 100 9320 0 . 0 0 7 7 1 7 . 4 
3660 0 . 0 1 4 7 1 1 . 9 3690 0 .0159 1 2 . 4 
1100 0 . 0 3 4 3 7 . 8 9 1180 O.0361 8 . 4 3 
360 0 .0762 5 . 5 1 37^ 0 . 0 8 1 3 5 . 8 7 
111 0 .174 3 . 9 ^ 106 0 . 1 9 3 4 . 1 3 
3 5 . 9 0 .372 3 . 1 9 3 7 . 9 0 .375 3 . 3 7 
1 1 . 1 0 . 7 1 9 3 . 2 4 1 0 . 7 0 . 7 3 7 3 . 2 9 
9450 0 . 0 0 8 3 1 8 . 1 4oo 9900 0 . 0 0 9 0 1 9 . 3 
3990 0 .0162 1 3 . 2 3460 0 .0202 1 3 . 3 
n4o 0 .0402 8 .64 1080 0 .0475 9 . 1 1 
348 0 . 0 9 2 7 5 . 9 9 388 O.0976 6 . 7 2 
105 0 . 2 0 7 4 . 3 1 107 0 . 2 2 8 4 . 7 7 
3 3 . 7 0 .416 3 .46 3 9 . ^ o.4o6 3 . 8 5 
i o . 4 0 . 7 5 ^ 3 . 3 7 1 0 . 6 0 . 7 6 1 3 -39 
9780 0 .0109 2 2 . 2 - 1 0 0 953O 0 . 0 0 6 3 1 6 . 5 
3910 0 . 0 2 1 8 1 5 . 4 3660 0 . 0 1 3 3 1 1 . 5 
1200 0 .0522 1 0 . 4 1160 O0O296 7-64 
352 0 .125 7 .35 366 0 .0675 5 . 2 6 
111 0 .264 5 . 6 3 i l l 0 . 1 6 1 3 . 7 ^ 
3 8 . 1 0 . 4 6 0 4 . 5 2 3 6 . 0 0 . 3 5 7 5 .06 
1 0 . 7 0 .784 3 . 6 9 1 1 . 1 0 . 7 1 1 5 .18 
9730 0 .0055 1 5 . 6 
3980 0 . 0 1 1 0 1 1 . 2 
1060 0 . 0 2 7 1 7 .04 
4 i 4 0 .0539 5 . 2 2 
119 o.i4o 3 . 6 4 
3 6 . 7 0 . 3 4 0 2 . 9 5 
1 0 . 5 0 .722 3 . 1 3 
126 
Table 19. Mean Temperature and Local Nusfjelt Number 
fo r Liquids a t |_i /\x = 0 . 0 5 . 
Fc Pe / z T Nu Fc Pe / z T Nu 
nr m nr m 
± 0 . 1 9250 0 . 0 0 6 1 1 5 . 7 100 9560 O.OO63 1 6 . 2 
4o4o 0 . 0 1 2 0 1 1 . 6 4090 0 . 0 1 2 7 .12.0 
1240 0 . 0 2 7 8 7.75 1240 0 . 0 3 0 1 8.O3 
365 O.O669 5 . 2 8 365 0 .0722 5.43 
120 0 . 1 4 9 3 . 8 1 120 0 . 1 5 8 3.96 
38.7 O.328 2 . 9 9 38.6 O.338 3 . 0 9 
1 1 . 1 O .69I 3 . 0 1 1 1 . 1 0 . 6 9 7 3 .06 
200 9060 0 . 0 0 7 1 1 6 . 3 4oo 9500 O.OO76 1 7 . 4 
38OO 0 . 0 1 4 3 1 2 . 1 3910 0 .0155 1 2 . 8 
114 0 0 .0342 8 .06 1160 0 . 0 3 7 9 8 .56 
402 0 . 0 7 2 0 5.78 407 0 . 0 7 9 7 6 . 1 8 
110 0 . 1 7 7 4 . 0 1 111 0 .192 4 . 3 1 
3 5 . 1 O.369 3 . 1 5 35 A O.385 3 .35 
1 1 . 1 0 . 6 9 9 3 . 0 6 1.0.7 0 .722 3 .15 
800 7980 0 .0104 1 7 . 8 - 1 0 0 9560 0 .0054 1 5 . 4 
3580 O.OI93 1 3 . 4 4090 0 . 0 1 0 8 1 1 . 3 
1110 0 . 0 4 5 8 9 . 2 4 1240 0 .0252 7.48 
4oi 0 . 0 9 4 9 6.85 366 0 .0612 4.99 
110 0 . 2 2 3 4.88 114 0 .145 3 . 6 0 
34.5 0 .424 3.75 3 8 . 0 0 .322 2 . 9 1 






3 5 . 5 
o.oo48 
0.0105 
0 . 0 2 5 0 
0 . 0 5 8 1 
0 . 1 3 9 
0 . 3 2 8 
1 5 . 0 
10 .5 
6 . 7 8 
4 . 7 5 
3 ^ 5 
2 . 7 7 
1 1 . 2 0 . 6 7 7 2 . 9 0 
127 
± 0.1 
Table 20. Mean Temperature and Local Nusselt Number 
for Gases at u. /u = 1 . 
Fc Pe /z T Nu Fc Pe /z T Nu 




9090 O.OI37 26 .7 100 8600 O.OI.54 2^0.1. 
3570 O.0257 17.0 3340 O.0299 16.7 
980 0.0600 10.3 1070 0.0647 10.9 
382 0.109 7 0 9 305 0.1.47 7.29 
9 7 . 1 0.254 4 .82 96 .7 0.298 5-33 
35.4 0.452 3.93 33-9 0.520 4.46 
10.0 0.811 3-64 11.5 0.81.2 3.97 
8200 O.OI69 25.5 4 00 8200 0.0183 2 7 . 1 
3160 O.O336 17.2 3280 0.0368 18.9 
1050 0.0722 11.5 1060 0.082.7 12 07 
321 0.159 7.99 323 O.I87 9 .11 
98.6 0.331 6.00 107 0.377 7-37 
34 .3 O.56I 5.09 35-3 0.619 6 .33 
11.5 0.837 • 4 .20 11.7 0.922 4.35 
8600 O.OI96 30.0 -100 8190 0.0.137 22.4 
3220 0.0434 2 1 . 1 3050 0.0251 14.3 
965 0.107 14.2 1030 0.0486 9 n29 
378 0.208 11.2 337 O.0957 6.22 
2 1 1 O.309 10.3 98 .8 0.206 4 .19 
3.I.0 0.431 3 .31 
1.1.1 0.752 3 0 7 
8400 0.0121 21 .3 
3070 0.0206 13.2 
945 0.0385 8.06 
264 O.O79O 4.94 
128 
± 0 .1 
Table 2 1 . Mean Temperature and Local Nusse l t Number 
for Gases a t u. /u. = 1 .5 . 
"o ' w 
Fc Pe / z T Nu Fc Pe /z T Nu 




5890 O.OI95 18.2 100 6100 0.0204 1.9.1 
2500 O.0349 13.3 254o 0.0382 14 .1 
764 O.0750 8.80 800 0.0841 9.64 
265 0.145 6 .23 270 0.171 7.04 
90 .0 0.278 4.62 82 .8 0.357 5.53 
30 .7 O.510 3 .91 28 .9 0.622 4 .97 
13.5 0.755 3.79 14.2 0.818 4 .59 
6320 0.0209 20 .0 4oo 6570 0.0218 21.4 
2430 0.0425 14.6 2470 0.0471 15 .8 
790 0.0941 10.2 679 0.123 10.9 
272 0.195 7.77 315 0.212 9.^0 
88 .8 0.397 6 .57 122 0.405 8.45 
30.2 O.678 -
22.2 0.776 -
5900 0.0263 22.5 -100 6320 0.01.71 17.8 
2670 0.0510 18.0 2430 0.0310 12.3 
851 0.125 13.4 755 0.0613 7.9^ 
423 0.213 11.7 274 0.109 5.48 
234 0.331 11.3 84.0 0.214 3 .71 
27.2 0.428 2.9.9 
13.2 0.657 £ .91 
6550 0.0149 17.0 
2600 0.0243 11.6 
795 0.0419 7.08 
39^ 0.0563 5.32 
129 
± 0 .1 
Table 2 2 . Mean Temperature and Local Nussielt Number 
for Gases a t 11 /ii = 2 . 
Fc Pe / z T Nu Fc Pe / z T Nu 




4540 0.0256 15.5 100 4950 0.0239 1.4.5 
i860 O.0455 10.5 1770 0.0502 1.0.7 
622 0.0855 7.36 615 o. io4 8.00 
176 0.192 5.19 216 0.210 6.2.0 
6 o . i O.565 4 .00 66 .7 0.449 5 M 
20 .8 0.659 3.77 27.4 0.713 -
15.6 0.752 3.70 17.7 0.852 -
4550 0.0268 14.7 4oo 48oo 0.0278 15 .8 
1790 0.0540 11.3 1990 0.0560 12.6 
655 0.112 8.71 555 0.148 9.49 
225 0.259 7.04 522 0.222 8.84 
82 .0 0.487 6 .5^ 152 0.398 8.5^ 
50.5 0.617 -
4800 0.0506 17.2 -100 4540 0.02.14 12 08 
1760 0.0707 15.6 2020 0.0554 9 .8^ 
569 0.176 11.2 556 0.0739 6.36 






4650 0.0182 12 .1 
2040 0.0277 8.99 
597 0.0448 5.59 
450 0.0485 4 . 9 ^ 
150 
Table 25. Mean Temperature and Local Nusselt Number 
for Gases at u /u = O.667. 
Fc FeJz T Nu Fc Pe / z m j . . Nu 
m' m nr m 
± 0 . 1 9060 0 .0125 2 4 . 5 100 906O 0 . 0 1 5 7 2.5.9 
5820 0 .0226 1 7 . 5 5650 0 . 0 2 5 8 1 8 . 1 
1020 0 .0546 1 0 . 7 1250 0 .0556 1 2 . 2 
591 0 . 1 0 2 7 . 7 2 558 0 . 1 2 1 7 . 9 7 
118 0 ,216 5 .15 115 0 . 2 4 1 5 . 4 8 
5 9 . 0 0 . 4 1 1 5-86 5 8 . 5 0 .454 4 . 0 7 
1 1 . 5 0 .746 5 .55 1 1 . 4 0 .756 5-46 
200 9820 o . o i 4 o 2 8 . 8 4oo 9280 0 .0164 5 0 . 7 
5610 0 .0282 1 8 . 8 584o 0 .0506 2 0 . 5 
1240 0 . 0 5 9 0 1 2 . 8 1270 0 . 0 6 6 7 1 4 . 0 
555 0 . 1 5 5 8 .44 5 5 ^ 0 . 1 5 5 9 . 2 9 
118 0 .255 5 .95 116 0 . 2 9 0 6 . 6 9 
5 5 . 9 0 . 4 6 7 4 . 2 5 5 5 . 4 0 . 5 0 0 4 o 72 
1 1 . 2 0 . 7 7 0 5 . 5 5 11 .1 . 0 . 786 5 . 6 8 
800 9999 0 .0179 5 7 . 9 -100 9070 0.011.1 2 5 . 0 
5^70 0 .0589 2 2 . 2 4ooo 0.0.191 1 6 . 9 
1290 0 . 0 7 8 5 1 5 . 9 1.500 0 . 0 5 9 9 1 0 . 9 
551 O.185 1 0 . 7 596 0 . 0 8 7 1 7 . 1 9 
114 0*547 8 .09 119 
5 9 . 4 
1.1.5 
0 . 1 9 5 
0 .589 
0 .756 








5 9 . 7 
1.1.6 
0 . 0 0 9 0 




0 . 5 6 7 
0 .726 
2 2 . 5 
1 4 . 9 
9 . 7 1 
6 . 5 0 
4 . 4 5 
5 . 4 7 
5 . 1 9 
151 
Table 24 . Mean Temperature and Local Nusiselt Number 
fo r Gases a t LL /LL = 0 . 5 . 
Fc Pe / z T Nu 
m' m 
Fc Pe / z 
m 
Nu 




8760 0 .0116 2 4 . 5 100 9999 0 .0115 2 6 . 2 
5890 0 . 0 2 1 1 1 7 . 9 5750 0 .0259 1 8 . 4 
1110 0 .0494 1 1 . 4 1090 0 .0552 1 1 . 9 
581 0 . 0 9 9 7 7 . 7 5 576 0 . 1 1 0 8 .12 
1.54 0 . 1 9 5 5 . 5 8 152 0 .206 5 . 6 2 
5 7 . 6 0 . 4 0 8 5 . 7 0 5 7 . 4 0 . 4 1 7 5 . 8 2 
1 1 . 7 0 . 7 2 7 5 . 5 7 1 1 . 7 0 .729 5 . 5 9 
9470 0 . 0 1 5 0 2 6 . 5 4oo 9720 o . o i 4 4 2 7 . 9 
5650 0 .0265 1 9 . 0 4o4o 0 .0275 2 1 . 5 
1080 0 . 0 6 0 5 12 .4 124 0 0 . 0 6 2 1 1 4 . 1 
571 0 .119 8 . 5 9 ^>d6 0 . 1 5 0 9 . 4 7 
122 0 . 2 2 7 5 . 7 5 121 0 . 2 4 8 6 . 2 7 
5 6 . 2 0 . 4 5 0 5 - 9 1 5 6 . 1 0 .445 4 . 1 8 
1 1 . 6 0 .754 5 .46 1 1 . 6 0 . 7 5 9 5 . 5 0 
9970 0 . 0 1 6 7 5 1 . 4 - 1 0 0 9000 0 . 0 1 0 1 2 5 . 8 
5870 0 .0552 2 5 . 4 5950 0 .0184 1 7 . 2 
1210 0 . 0 7 4 7 1 5 . 5 1260 O.0596 1 1 . 4 
542 0 .164 1 0 . 5 5 7 1 O.0918 7 . 0 8 
121 0 .286 7 .25 110 0 . 2 0 8 4 . 6 9 
5 9 . 4 0 .456 4 . 9 6 5 5 . 0 0 . 4 2 0 5 . 2 7 
1 1 . 2 0 . 7 5 9 ^ ^ 1 1 . 4 0 .754 5 . 8 5 
9550 0 . 0 0 8 5 2 2 . 6 
5550 0 . 0 1 6 5 1 5 . 7 
1250 0 .0555 1 0 . 4 
404 0 . 0 7 5 8 7 .15 
121 0 . 1 8 5 4 . 7 8 
5 5 . 1 0 .426 5 . 1 5 
1 1 . 2 0 . 7 5 8 5 .85 
Table 2 5 . Ve loc i ty and Temperature P r o f i l e s fo r Liquids a t \± /\x = 1 . 
r = 0.0 r = 0.2 r = 0 .3 r = 0.4 r = 0.45 
Fc Pe L / z T u Pe T / z T u Pe T / z T u Pe T /z T u Pe T / z T 
J_i J_i j j J_i 
u 
± 0 . 1 5880 0.000 2.000 5880 0.000 1.680 5880 0.000 1.280 5880 0.003 0.720 5880 0.160 0.380 
385O 0.000 2.000 385O 0.000 1.680 385O 0.000 1.280 385O 0.009 0.720 3850 0.242 O.38O 
2380 0 . 0 0 0 2 . 0 0 0 2380 0.000 1.680 2380 0.000 1.280 2380 0.030 0.720 2380 0.342 0.380 
1160 0.000 2.000 1160 0.000 1.680 1160 0.000 1.280 1160 0.110 0.720 1160 0.485 0.380 
435 0.000 2.000 435 0.000 1.680 435 . 0.015 1.280 435 0.304 0.720 435 0.642 0.380 
193 0.000 2.000 193 0.006 1.680 193 0.097 1.280 193 0.476 0.720 193 0.742 o.3$o 
9 7 . 1 0.001 2.000 97 .1 0.048 1.630 9 7 . 1 o.24o 1.280 9 7 . 1 0.611 0.720 9 7 . 1 0.812 0.380 
30 .0 0.134 2.000 30 .0 O.329 1.680 30 .0 0.548 1.280 30.O O.787 O.720 30 .0 0.898 O.380 
13.5 0.505 2.000 I3 .5 0.634 1.680 13.5 O.76O 1.280 I3 .5 O.889 0.720 I3 .5 0.947 O.38O 
100 6710 0 . 0 0 0 1 . 9 5 5 6 7 1 0 0 . 0 0 0 1 . 6 5 1 6 7 1 0 0 . 0 0 0 1 . 2 7 3 . 6 7 1 0 0 . 0 0 2 0 . 7 3 8 6 8 6 0 0 . 1 2 5 0 . 4 1 3 
4090 0.000 1.939 4090 0.000 1.641 4090 O.OOG 1.263 4090 0.Q07 0.746 424o 0.208 0.424 
2190 0.000 1.910 2190 0.000 1.623 2190 0.000 1.264 2200 0.031 0.761 2310 0.331 0.442 
817 0.000 i .84o. .817 0.000 1.581 817 0.001 1.259 839 0.143 0.799 893 0.512 0.477 
323 0.000 1.734 323 0.001 1.526 324 0.028 1.264 342 0.332 0.850 361 0.654 0.512 
94.5 0.002 1.546 95 .3 0.049 l .46o 98.2 0.220 1.306 104 0.581 0.914 108 0.795 0.543 
29.4 O.178 1.558 30.2 0.343 1.516 31 .3 O.541 1.346 32.^: O.778 O.897 3 3 . 1 0.893 0.515 
13,9 0.540 1,788 14.2 0.650 1.627 14.5 O.765 1.348 14.6 O.889 O.835 14.9 0.947 0.463 
200 6150 0.000 I .908 6150 O.OOOI.6206I5O 0.000 1 .2616150 O.OO2O.757629O 0.129 0.446 
3920 0.000 1.877 3920 0.000 1.601 3920 0.000 1.255 3920 0.007 0.711 4o6o 0.202 0.467 
i960 0.000 1.813 i960 0.000 1.561 i960 0.000 1.246 1970 0.034 0.802 2070 0.333 0.506 
743 0.000 1.673 743 0.000 1.478 743 0.002 1.234 762 0.150 0.876 811 0.508 0.572 
353 OoOOC 1.509 353 0.000 1-390 354 0,020 "i .238 371 0.290 0.954 393 0.621 0.626 
172 0.000 1.300 173 0.009 1.293 175 0.091 1.266 186 o.44o 1.035 195 0.717 0.673 
52.6 O.050 1.000 53 .7 O.165 1-237 55-& O.367 1.354 58.5 0.677 I .098 60 .2 0.343 O.685 
16.4 0.507 1.472 16.6 0.613 1.492 17.0 0.733 1-367 17.4 0.872 0.936 17.6 0.938 0.543 
4oo 4750 0.000 1.797 4750 0.000 1.549 4750 0.000 1.237 4750 0.003 0.801 4870 0.149 0.524 
3020 0.000 1.732 3020 0.000 1.507 3020 0.000 1.226 3030 •• 0.011 0.830 3140 0.223 0.565 
1510 0.000 1.597 1510 0,000 1.423 1510 0.000 1.206 1520 0.045 0.898 1610 0.349 0.644 
615 0.000 1.327 615 0.000 1.265 616 0.003 1.187 632 0.155 1.035 672 0.505 0.764 
248 0.000 0.900 243 0.002 1.042 250 0.038 1,204 262 0.325 1.223 277 0.642 0.892 
79.2 0.031 0.266 80 0.087 0.321 82 .0 0.232 1.324 86 .8 0.564 1.410 90 .0 0.784 0.977 
24.4 0.353 0.575 24 .9 0.463 1-087 25.5 O.608 l .4o6 26 .3 0.803 1.236 26 .8 0.904 0.788 
14.7 0.515 0.890 15.0 0.624 1.257 15.3 0.742 i . 4 i l 15.6 0.874 1.118 15 .3 0.939 0.685 
Table 25 (Continued) 
r = 0 . 0 r = 0 . 2 r = 0.3 r = 0.4 r = 0.45 
Fc Pe L /z T u Pe / z T u P e T / z 
.Li 
T u Pe T /z 
-Li 
T u Pe / z T u 
800 6700 0 . 0 0 0 1.705 6700 0 . 0 0 0 1.488 6700 0.000 1.215 6700 0.001 0.832 6800 0.084 0.589 
4260 0 . 0 0 0 1 .613 426o 0 . 0 0 0 1.429 4260 0.000 1.197 4270 0.003 0.872 4370 0.137 0.652 
23^0 0 . 0 0 0 1 .450 2340 0 . 0 0 0 1.326 2340 0.000 1.169 2350 0.014 0.947 244o 0.227 0.756 
1170 0 . 0 0 0 1 .181 1170 0 . 0 0 0 1.159 1170 0.000 1.132 1180 0.050 1.071 1250 0.346 0.906 
391 0 . 0 0 0 0 .486 391 0 . 0 0 0 0.759 391 0.009 1.096 4o4 0.188 1.418 428 O.530 1.193-
2 1 7 0 . 0 0 1 - 0 . 0 7 2 217 0 . 0 0 5 0.479 219 0.039 1.125 229 0.295 1.651 241 0.618 1.350 
-100 9400 0 . 0 0 0 2 . 0 4 2 94oo 0 . 0 0 0 1.708 9400 0.000 1.290 9400 0.001 0.705 9560 0.097 0.351 
5220 0 . 0 0 0 2 . 0 6 2 5220 0 . 0 0 0 1.721 5220 0.000 1.294 5220 o.oo4 0.697 5^oo 0.194 0.338 
3610 0 . 0 0 0 2 . 0 7 9 3610 0 . 0 0 0 1.732 3610 0.000 1.297 3620 0.013 0.689 3790 0.271 0.328 
1520 0 . 0 0 0 2 . 1 3 6 1520 0 . 0 0 0 1.767 1520 0.000 1.306 1540 0.082 0.662 1640 0.452 0.299 
7 0 1 0 . 0 0 0 2 . 2 1 4 701 0 . 0 0 0 1.813 702 0.003 1.312 729 0.220 0.626 776 0.587 0.270 
359 0 . 0 0 0 2 . 3 0 7 359 0 . 0 0 0 1.864 360 0.028 1.311 382 0.366 0.588 403 0.682 0.246 
181 0 . 0 0 0 2 . 4 2 3 182 0 . 0 0 7 1.918 185 0.113 1.299 198 0.507 0.553 206 0.760 0.227 
s\~i r^ 2 . 5 5 0 9 2 . 1 0 . 0 5 1 1.961 95*5 0*261 1,278 102 0.633 0.530 105 0.824 0.219 
3 1 . 0 0 . 0 8 7 2 . 6 1 5 3 2 . 1 0 .294 1.950 33.4 0.529 1.265 3^*9 0 .78I 0.556 35.5 0.896 0.249 
1 4 . 1 0 . 4 3 3 2 . 4 3 0 1 4 . 5 0 . 5 8 7 1.879 14.8 0.733 1.294 15.2 0.877 0.635 15.4 0.941 0.309 
-200 8610 0 . 0 0 0 2 . 0 9 3 8610 0 . 0 0 0 1.741 8610 0.000 1.301 8620 0.001 0.686 8800 0.120 O.3I5 
4 5 3 0 0 . 0 0 0 2 . 1 4 4 4530 0 . 0 0 0 1.774 4530 0.000 1.311 4540 0.008 0.664 4730 0.246 0.282 
2 3 3 0 U.UOO 2 . 2 2 2 2530 0 . 0 0 0 -1 O n 7 0 - 7 -? r\ ^.t'.jcj CJJ\J 
r\ r\r\r\ 
yy . w^>*_/ n ^0)1 o x e n 0.043 0,626 2490 0.596 0.238 
1250 0 . 0 0 0 2 . 3 2 5 1250 0 . 0 0 0 1.887 1250 0.000 1.335 1280 0.132 0.573 1370 0.523 0.190 
6 1 1 0 . 0 0 0 2 . 4 9 5 6 1 1 0 . 0 0 0 1.982 612 0.007 1.342 642 0.286 0.494 682 0.641 0.135 
320 0 . 0 0 0 2 . 6 8 8 320 0 . 0 0 1 2.083 323 0.045 1.331 345 0.431 0.417 362 0.724 0.088 
2 1 7 0 . 0 0 0 2 . 8 2 1 2 1 7 0 . 0 0 3 2.143 221 0.097 1.313 237 0.510 0.376 247 0.765 0.067 
OJ 
Table 26. Velocity and Temperature Profi les for Liquids a t |_i /\± = 2 . 
r = 0 .0 r = 0.2 r = 0.3 r = 0.4 r = 0.45 
Fc P e ] - / Z T u PeL /z T u Pe L / z T u Pe L / z T u Pe L / z T u 
± o . i 5270 0.000 1.861 5270 0.000 1.590 5270 0.000 1.250 5270 0.002 0.775 5290 0.139 0.477 
3350 0.000 1.844 3350 0.000 1.580 3350 0.000 1.248 3350 0.009 0.785 3380 0.220 0.486 
1940 0.000 1.825 1940 0.000 1.568 1940 0.000 1.248 1940 0.033 0.797 i960 0.332 0.492 
1050 0.000 1.804 1050 0.000 1.557 1050 0.000 1.250 1060 0.098 0.811 1070 0.456 0.494 
550 0.000 1.784 550 0.000 1.550 550 0.005 1.256 555 0.216 0.822 562 0.573 0.489 
2 8 1 0.000 1.771 282 0.001 1.549 282 0.038 1.268 285 0.363 0.824 288 0.675 0.478 
142 0.000 1.769 142 0.016 1.558 143 0.138 1.282 145 0.511 0.817 146 0.759 0.463 
71.6 0.007 1.783 71 .8 0.090 1.579 72.4 0.302 1.294 73.3 0.648 0.802 73 .8 0.830 0.445 
24.2 0.227 1.858 24 .3 0.407 1.628 24.5 0.600 1.299 2 4 . 7 0.811 0.771 24 .8 0.910 0.418 
14.6 0.474 1.911 14.7 0.607 1.652 14 .8 0.740 1.298 14.9 0.879 0.756 14.9 0.942 o.4o6 
10.5 0.647 1.9^6 10.6 0.737 1.667 10.6 0.327 1.296 10.6 0.920 0.746 10.6 0.962 0.398 
100 5270 0.000 1.796 5270 0.000 1.5^3 5270 0.000 1.235 5270 0.002 0.798 5290 0.127 0.523 
3210 0.000 1.755 3210 0.000 1.521 3210 0.000 1.229 3210 0.009 0.818 3230 0.210 0.548 
-1 S\. ^ 
I D ' f U 0 . uuu -1 /-or -L .OUQ 
-\ r), r\ 
j-U^+v; vj • u u u 1 );
 ; 7 n x . - r \y 1 £\\\ C\ O . U T U 0.000 1.21° i64o n.n^a 0.853 i66n 0.342 0,585 
63O 0.000 1.558 630 0.000 l.4o4 630 0.003 1.212 1^ 0.166 0.919 642 0.524 0.637 252 0.000 1.389 ORP 0.002 1.316 252 0.043 1.219 252 0.359 0.995 2^8 0.668 0.681 
79 .1 0.009 1.143 79.3 0.079 1.226 79.6 0.262 1.268 80 .3 0.607 1.069 81.4 0.808 0.703 
25 .0 0.297 1.232 2 5 . 1 0.436 1.330 25 .3 0.603 1.318 25.5 0.806 0.997 25.6 0.907 0.609 
15.0 0.548 1.453 15.0 0.645 i.*f4c 15 .1 0.759 1.321 
1 r - -I 
X ^ . - J . 
^ O O r 
U . <_n_V U < ^ 1 X r> n k r\ c x x 
10.7 0.705 1.626 10.7 0.774 1.529 10.7 0.848 1.316 10.8 0.928 0.851 10.8 0.966 0.482 
200 5330 0.000 1.736 5330 0.000 i..
r;io 5330 0.000 1.222 5330 0.002 0.819 5360 0.115 0.563 
3390 0.000 1.632 3390 0.000 1.474 3390 0.000 1.212 3390 0.006 0.844 3420 0.184 0.600 
I960 0.000 1.599 i960 0.000 1.422 1970 0.000 1.198 1970 0.024 0.884 1990 o.2
n5 0.650 
1070 0.000 1.481 1070 0.000 1.549 1070 0,000 1.183 1070 0.074 0.942 1080 0.403 0.712 
4 9 8 0.000 1.282 498 0.000 1.232 498 0.006 1.169 501 0.191 i.o4o 508 0.542 0.797 
159 0.000 0.853 159 0.013 1.0.13 159 0.096 1.137 161 0.434 1.223 163 0.712 0.915 
46 .3 0.139 0.555 46.4 0.241 0.943 4 6 . 7 0.411 1,235 47.2 0.688 1.282 47.5 0.347 0.886 
2 0 . 7 0.475 0.908 20 .8 0.564 1.178 20.9 0.684 1.329 21 .0 0.84:2 1.114 21 .0 0.924 0.709 
13.4 0.669 1.236 13.4 0.736 1.351 13.4 0.815 1.332 13.5 0.910 0.986 13.5 0.957 0.593 
M 
Table 26 (Continued) 
r = 0.0 r = 0.2 r = 0 . J r = 0.4 r = 0.45 
Fc Pe / z T u PeT /z T u Pe /z T u Pe T / z T u PeT /z T 
-Li -LI L I L I J_I 
u 
4oo 8700 0.000 1.711 8700 0.000 1.14.91 8700 0.000 1.215 8700 0.000 0.824 8710 0.052 0.582 
3730 0.000 1.568 3730 0.000 1.399 3730 0.000 1.185 3730 o.oo4 0.884 3750 o.ik6 0.680 
2270 0.000 1A53 2270 0.000 1.326 2270 0.000 i . i 6 4 2270 o .o i^ 0.935 2290 0.227 0.755 
1210 0.000 1.2614- 1210 0.000 1.207 1210 o.ooo 1.134 1220 o.oi4-8 1.02I4- 1230 0.343 0.866 
14-88 0.000 0.868 488 0.000 0.969 488 0.005 1.093 491 0.164 1.215 I4-97 0.506 1.058 
222 0.000 O.365 222 0.004 0.693 222 0.014-3 1.086 225 O.3I6 1.443 227 O.633 I .236 
122 0.0114--O.O79 122 O.O38 O.I4-86 123 0.129 1.120 1214- O.I4-I4-7 1.616 125 O.716 I .336 
800 7380 0.000 1.5I4-5 7380 0.000 1.383 7380 0.000 1.1714- 7380 0.000 0.882 7390 0.050 0.697 
284o 0.000 1.263 284o 0.000 1.201 284o 0.000 1.117 284o 0.005 0.998 2850 0.152 0.891 
1760 0.000 1.059 1760 0.000 1.072 1760 0.000 1.080 1760 0.016 1.088 1770 0.226 1.023 
997 0.000 0.748 997 0.000 0.875 997 0.000 1.029 998 0.047 1.232 1010 0.325 1.210 
534 0.000 0.265 534 0.000 0.593 53^ 0.003 0.972 537 0.111 1.450 543 0.435 1.435 
315 0.000-0.235 315 0.001 0.291 315 o .o i4 0.935 317 0.191 1.691 321 0.525 1.680 
-100 7290 0.000 1.929 7290 0.000 1.635 7290 0.000 1.266 7290 0.001 0.749 7320 0.103 0.430 
4050 0.000 1.935 4oso 0.000 1.638 4050 0.000 1.268 4050 0.006 0.750 4o3o 0.203 0.423 
2810 0.000 1.944 2310 0.000 1.645 2810 0.000 1.272 2810 0.017 0.748 2830 0.281 o .4 i4 
1180 0.000 1.990 1130 0.000 1.677 1160 0.000 1.286 1180 0.098 0.734 1200 0.468 0.371 
579 0,000 2r06^ 579 0.000 1.724 579 0.005 1.304 584 0.236 0.699 592 0.598 0.320 
270 0.000 2.162 27b 0.001 i . 3 o i 271 o.o49 1.323 274 0.411 0.635 277 0.709 0.258 
139 0.000 2.32.6 139 0.016 1.585 139 O.157 1.327 l 4 l O.551 O.566 143 0.784 0.210 
Table 26 (Continued) 
r = 0.0 r = 0.2 r = 0.5 r = 0„4 r = 0.45 
Fc Pe /z T u Pe /z T u Pe /z T u Pe /z T u Pe /z T u 
-loo 70,2 o.oo4 2.495 70.5 0.087 1.966 71.1 0.524 1.509 72.0 0.676 0.508 72.4 0.845 0.177 
25.8 O0.I67 2.605 24.0 0.579 1*974 24.2 0.596 1.267 24.5 0.815 O.5O8 2k.k 0.912 0.202 
14.4 0.599 2.508 14.5 0.566 1.912 14.6 0.722 1.262 14.7 0.875 0.558 14.7 0.959 0.247 
10.4 0.581 2.592 10.4 0.697 1.854 10.5 0.806 1.267 10.5 0.911 0.605 10.5 0.958 0.285 
-200 7580 0.000 1.994 7580 o.ooo 1.676 7580 0.000 1.280 7580 0.001 0.726 74io 0.115 0.585 
4ioo 0.000 2.052 4ioo 0.000 1.701 4ioo 0.000 1.290 4ioo 0.007 0.714 4150 0.226 0.555 
2840 0.000 2.068 2340 0.000 1.725 2840 0.000 1.299 2840 0.020 0.701 2870 0.512 0.527 
1270 0.000 2.192 1270 0.000 1.808 1270 0.000 1.527 1280 0.106 0.649 1290 0.495 0.256 
567 0.000 2.400 567 0.000 1.958 567 0.007 1.561 573 0.284 0.545 531 0.645 0.117 
Table 27. Velocity and Temperature Profiles for Liquids at u /u . = 5. 
r = 0.0 r = 0.2 r = 0 .3 ] c = 0.1* r = 0.45 
Fc Pe T / z 
J_i 
T u Pe /z 
1 J 
T u Pe T /z T u Pe / z 
.Li 
T u Pe / z T u 
± 0 . 1 4720 0.000 1.656 1+720 0.000 1.457 4720 0.000 1.205 ^720 0.002 0.852 4770 0.106 0.622 
2790 0.000 1.619 2790 0.000 1.434 2790 0.000 1.201 2790 0.008 0.873 2850 0.190 0.643 
1530 0.000 1.582 1530 0.000 1.413 1530 0.000 1.201 1540 O.O33 O.899 1580 0.312 0.655 
852 0.000 1.553 852 0.000 1.399 852 0.001 1.207 861 O.O96 O.923 892 0.439 0.651 
451 0.000 1.533 451 0.000 1.395 452 0.007 1.223 ^61 0.214 0.939 478 O.563 0.631 
232 0.000 1.529 233 0.002 1.407 234 0.048 1.250 366 O.366 O.937 249 0.673 0.597 
118 0.000 I .549 118 0.026 1.44o 120 0.158 1.280 125 0.521 0.916 128 0.763 0.555 
59.6 0.018 1.602 60.2 0.122 I.494 61.6 0.335 1.306 63 .7 0.664 0.881 64 .8 0.837 0.511 
20.6 0.311+ I .772 20 .9 0.473 1.601 21 .3 0.644 1.322 21 .7 O.83I 0.816 21 .9 O.9I9 0.451 
12.7 0.567 1.878 12.8 0.674 I .651 13.0 0.784 1.322 13 .1 0.899 O.786 13.2 0.952 0.427 
100 4720 0.000 1.573 ^720 0.000 1.402 4720 0.000 1.184 4720 0.000 O.879 4770 O.095 0.680 
2790 0.000 1.507 2790 0.000 1.360 2790 0.000 1.173 2790 0.007 0.910 2840 0.172 0.723 
1610 0.000 1.430 1610 0.000 1.312 1610 0.000 1.162 1620 0.025 O.95O 1660 O.275 0.769 
877 0.000 1.332 877 U . U U U 1 O C 7 0-7-7 r\ r\r\r\ 
w . v i^/w 
l i c o QQ)i 
-1- . J - y £ _ W^,""T n n^n 1.001 914 0.400 0*819 
458 0.000 1.210 458 0.000 1.182 458 0.006 1.145 ^67 0.184 1.065 484 0.526 0.873 
209 0.000 1.027 209 o.oo4 1.080 210 0.054 1.143 217 0.355 1.161 223 0.659 0.939 
70 .7 0.026 O.706 71.3 0.106 0.929 72.6 0.279 1.185 75 .1 0.603 1.308 76.6 0.804 0.994 
22 .0 0.1+56 0.834 22.2 0.546 1.112 22.5 0.667 1.318 22.9 0.832 1.190 2 3 . 1 O.918 0.789 
13.3 0.683 1.166 I 3 . 3 0.750 1 0 2 6 13.4 0.324 -, _1 r\ -, _ ,-J-OM-O -L^.D 0.914 1.035 13.6 0.959 
r\ / f - 7 T 
200 4320 0.000 1.485 4-520 0.000 1.344 4320 0.000 1.163 ^320 0.002 0.909 4360 0.096 0.741 
2550 0.000 I.39O 2550 0.000 1.284 2550 0.000 1.146 2550 0.007 O.951 2600 0.171 0.805 
11+80 0.000 1.273 1460 0.000 1.2.10 14 80 0.000 1.126 1480 0.026 1.006 1520 0.270 0.881 
802 0.000 1.113 802 0.000 1.110 802 0.001 1.102 809 0.079 1.082 835 0.392 0.978 
374 0.000 0.8s4 374 0.000 0.951 375 0.011 1.070 382 0.210 1.211 396 0.537 1.120 
120 0.006 0.277 120 0.036 O.623 121 0.137 1.047 125 0.453 1.505 129 0.716 1.348 
1+2.1 0.222 -0.174 42.5 0.32.0 0.488 4 3 . 1 0.456 1.192 4 4 . 1 0.696 I . 6 5 I 44 .8 0.848 1.306 
Table 27 (Cont inued) 
r = 0.0 r = 0.2 r = 0.3 r = 0.4 r = 0.45 
Fc P e L / z T u Pe /z T u Pe /z 
J-J 
T u Pe / z 
J-i 
T u Pe /z 
J-i 
T u 
400 S66o 0.000 1.482 8660 0.000 1.339 8660 0.000 1.156 8660 0.000 0.900 869O 0.030 0.740 
330 0.000 1.280 3330 0.000 1.210 3330 0.000 1.115 333O 0.003 O.98I 3370 0.110 0.883 
1970 0.000 1.123 1970 0.000 1.110 1970 0.000 1.084 1970 0.011 1.047 2010 0.186 0.992 
984 0.000 0.854 984 0.000 O.938 984 0.000 1.034 989 0.044 1.164 1020 0.311 1.174 
3^9 0.000 0.263 349 0.001 0.566 350 0.011 0.938 356 0.178 l .44o 368 0.506 1.542 
197 0.003 -0.208 197 0.010 0.281 198 0.048 0.884 203 0.291 1.678 209 0.603 1.786 
800 7930 0.000 1.282 7930 0.000 1.206 7930 0.000 1.106 7930 0.000 0.965 7950 0.026 0.876 
2830 0.000 0.945 2830 0.000 0.989 2830 0.000 1.033 2830 0.003 1.095 2860 0.102 1.116 
1320 0.000 0.546 1320 0.000 0.734 1320 0.000 0.952 1320 0.017 1.256 1350 0.207 1.397 
^ 0.000-0.160 536 0.000 0.281 536 0.002 0.816 540 0.079 1.557 557 0.366 1.881 
• 100 4690 0.000 1.747 4690 0.000 1.517 4690 0.000 1.227 4690 0.002 0.822 4750 0.121 0.559 
2900 0.000 1.745 2900 0.000 1.516 2900 0.000 1.231 2910 0.009 0.831 2970 0.206 0.553 
1650 0.000 1.763 1650 0.000 1.531 1650 0.000 1.244 1650 0.035 0.837 1710 0.331 O.522 
Q Q ) . t^v^r-r 0.000 1.813 884 0.000 1 c;71 RPk 0*001 1 - P 7 1 ftQ4 
— - 1 — ^ y • 
0.110 0,829 928 0-473 0A53 
459 0.000 1.912 459 0.000 1.648 459 0.008 1.316 4 7 1 0.247 O.785 488 o.6o4 O.343 
234 0.000 2 .081 234 0.002 1.77^ 235 0.053 1.379 244 0.413 0.681 251 0.711 O.207 
157 0.000 2.217 157 0.009 1.873 159 0.113 l . 4 l 4 165 0.507 0.593 170 0.763 0.125 
-200 624o 0.000 1.841 6240 0.000 1.579 6240 0.000 1.249 624o 0.001 O.788 6300 0.096 O.494 
3300 0.000 1.680 3300 0.000 l.OUH- _ ? 3 U U r\ r\r\r\ W 0 \J\J*U -\ r\f-7 -7-7 r\r\ -L .£1UJ JJ^\J 
r\ r\r\Q 
\J . WWt^/ 
n, T Q I I 7 7 r 7 n 
W . | WT ^ | U \S • l U \J 
C\ )l Cfi 
2160 0.000 1.933 2160 0.000 1.641 2160 0.000 1.281 2160 0.024 0.774 2230 0.311 o.4o4 
2030 0.000 2.026 1340 0.000 1.708 1340 0.000 1.314 1350 O.O69 0.751 i4oo 0.434 0.308 
968 0.000 2.113 968 0.000 1.771 968 0.000 1.345 980 0.122 0.721 1020 0.514 0.220 
Table 28. Velocity and Temperature Profi les for Liquids at JJ. /u = 1 0 . 
r = 0 . 0 r = 0 . 2 r = 0.3 r = 0.4 r = 0.45 
Fc P e L /
z T u P e L / z T u Pe / z 
-Li 
T u Pe / z 
-Li 
T u Pe / z T u 
± 0 . 1 94oo 0 . 0 0 0 1 .558 9400 0 . 0 0 0 1.391 9400 0.000 1.176 9400 0.000 0.876 9440 0.027 0.690 
3610 0 . 0 0 0 1 .488 3610 0 . 0 0 0 1.348 36IO 0.000 1.168 3610 0.002 0.915 3690 0.111 0.741 
2 l 4 0 0 . 0 0 0 1 .451 2140 0 . 0 0 0 1.326 2i4o 0.000 1.166 2140 0,011 0.940 2210 0.198 0.761 
1170 0 . 0 0 0 1.419 1170 0 . 0 0 0 1.309 1170 0.000 1.170 1180 0.042 O.969 1240 0.325 0.766 
6 1 8 0 . 0 0 0 1.399 618 0 . 0 0 0 1.304 618 0.002 1.185 632 0.125 0.995 670 0.468 0.746 
336 0 . 0 0 0 1.396 336 0 . 0 0 0 1.314 337 0.016 1.211 35I 0.252 1.005 371 0.589 0.707 
175 0 . 0 0 0 1.415 175 0 .006 1.346 178 0.076 1.248 188 o.4o8 0.993 197 0.696 0.653 
8 9 . 7 0 . 0 0 3 1.465 9 0 . 5 0 . 0 5 0 1.402 93.0 0.210 1.289 98 .8 0.562 O.959 102 0.784 0.593 
H-5-7 0 .049 1=556 4 6 . 8 0 .185 1.481 48.6 o.4oi 1.322 51 .1 0.701 0.911 52.4 0.856 0.535 
1 6 . 4 0 . 4 3 8 1.796 1 6 . 8 0 . 5 7 1 1.624 17.2 0.711 1.343 17.6 0.864 0.831 17.8 O.935 0.460 
100 9400 0 . 0 0 0 1.485 9^oo 0 . 0 0 0 1.341 9400 0.000 1.157 9400 0.000 0.899 9440 0.024 0.739 
3360 0 . 0 0 0 1 .371 3560 0 . 0 0 0 1.270 3360 0.000 1.137 3360 0.002 0.952 3420 0.105 0.822 
1570 0 . 0 0 0 1.259 1570 0 . 0 0 0 1.2.01 1570 0.000 1.121 1570 0.019 1.007 1630 0.233 0.896 
979 0 . 0 0 0 1.183 979 0 . 0 0 0 1.153 979 0.000 1.110 987 0.050 1.046 io4o 0.331 0.944 
5 3 ^ 0 . 0 0 0 1 .068 53^ 0 . 0 0 0 1.082 534 0.003 1.095 5^6 0.129 1.105 578 0.459 1.015 
178 0 . 0 0 0 0 .775 178 0 . 0 0 8 0.898 180 0.067 1.056 190 0.363 1.279 199 0.659 1.187 
5 7 - 0 0 .109 0 .262 57 = 9 0 . 1 9 7 0.626 59=^ 0.350 1.105 62 .3 0.633 1.555 64 .3 0.616 1.306 
? i „P 0 . 5 9 0 - 0 , 0 8 2 2 1 . 6 0 . 5 2 1 0.619 22.2 0.665 1.324 22 .8 0.834 1.593 2 3 . 1 0.919 1.154 
200 8610 0 . 6 0 0 1.4C6 8610 0 . 0 0 0 1.289 8610 0.000 1,137 8610 0.000 0.924 8650 0.025 0.792 
3080 0 . 0 0 0 1.252 3080 0 . 0 0 0 1.191 3080 0.000 1.107 3080 0.003 0.990 3130 0.104 0.904 
144 0 0 . 0 0 0 1.084 144 0 0 . 0 0 0 1.085 i^4o 0.000 1.076 1440 0.019 1.063 1^90 0.228 1.024 
897 0 . 0 0 0 0 . 9 5 7 897 0 . 0 0 0 1.004 897 0.000 1.052 905 0.050 1.118 949 0.321 1.116 
538 0 . 0 0 0 0 . 7 8 8 538 0 . 0 0 0 0.394 539 0.002 1.018 549 0.111 1.195 580 0.426 1.243 
179 0 . 0 0 1 0 . 2 3 3 180 0 . 0 1 0 0.526 181 0.062 0.904 190 0.327 1.501 200 0.627 1.628 




Table 28 (Continued) 
r = 0.0 r = 0.2 r - 0.3 r - 0.4 r = 0.45 1 
Fc PeL /z T u PeT /z 
±J 
m 
X 11 PeL /z T u PeL /z T u PeL /z T u 
400 66.50 0.000 1.231 6650 0.000 1 1 7 0 
X . „., | C . 
6650 0.000 1.093 6650 0.000 0.982 6680 0.030 0.911 
2560 0.000 0.999 2560 0.000 1=023 256O 0.000 1.044 2560 0.003 1.072 2610 0.110 1.079 
1510 0.000 0.8.18 1510 0.000 0.908 1510 0.000 1.006 1510 0.013 1.143 1560 0.187 1.214 
875 0.000 0.577 87S 0,000 0.75? 875 0.000 0.9S3 881 0.040 1.237 919 0.285 i .4oo 
475 0.000 0.220 475 0.000 0.516 ^75 0.003 0,868 484 0.104 1.385 509 0.403 1.687 
282 0.000-0.195 232 0.002 0.237 283 0.018 0.767 291 0.188 1.583 307 0.501 2.013 
800 7800 0.000 1.023 7U00 0.000 1.031 780b 0.000 1.037 7800 0.000 1.046 7820 0.016 1.049 
2130 0.000 0.560 2130 0.000 0.731 2130 0.000 0.932 2130 0.003 1.213 2270 0.102 1.382 
1170 0.000 0.209 1170 0.000 0.505 1170 0.000 0.853 1170 0.015 1.341 1210 0.182 1.647 
780 0.000-0.100 7-0 0.000 0.304 780 0.000 0.780 785 0.033 1.454 615 0.249 1.892 
-100 9400 OoOOO 1.635 9400 0.000 1.443 9400 0.000 1.197 9400 0.006 0.853 9450 0.031 0.633 
3610 0.000 1.611 3610 0.000 1.430 3610 0.000 1.200 3620 0.003 0.878 3700 0.127 0.655 
2140 0.000 1.620 2140 0.000 1.4'37 2140 0.000 1.210 2140 0.013 0.890 2220 0.228 0.636 
1240 0.000 1.659 1240 0.000 1.468 3.24 0 0.000 1.233 1250 0. o48 0.897 1320 0.357 0.575 
671 0.000 1.743 £,1~\ .-. 1 — 0.000 1,0*1 671 0.001 1.2.36 688 0.137 0.884 732 0.503 0.445 
331 0.000 1.934 331 0.000 1.693 332 0,018 1.387 3^9 0.305 0.794 370 0.648 0.215 
-200 8610 0.000 1.720 8610 0.000 .1.500 86-10 0.000 1.220 8610 0.000 0.828 8680 0.042 0.582 
4790 0.000 1. 7*A 4790 0.000 1 n i ^790 0.000 1.230 4790 0.002 0.835 4370 o . io4 0.572 
pcrxn 0.000 1.795 2530 0.000 1 ;r c :z X c J > y 2530 0.000 1.255 2540 0.011 0.834 2640 0.228 0.509 
1720 0.000 1 = 673 1720 0.000 1.606 1720 0.000 1.234 1730 0.030 0.826 1820 0.329 0.424 
1230 0.000 1.968 1230 0 0 0 0 0 1.675 1230 0.000 1.324 1240 0.064 0.811 1320 0.426 0.309 
-f-
o 
Table 29. Velocity and Temperature Profi les for Liquids a t p. /\x = 2 0 . 
r = 0.0 r - 0.2 r = 0.3 r =-  0.4 r = 0.45 
Fc Pe / z 
Li 
T u PeL /z T u Pe L / z T u Pe / z 
J-J 
T u PeT /z 
J_l 
T u 
± Ocl 956O 0.000 1.4.11 9560 0.000 1.292 9560 0.000 1.139 9560 0.000 0.923 9600 0.019 0.789 
3410 0.000 1.352 3^10 0.000 1.259 3^10 0,000 1.135 3420 0.002 0.960 3490 0.092 0.837 
1590 0.000 1.312 1590 0.000 1.236 1590 0,000 1,137 1600 0.016 0.996 1680 0.221 0.859 
io4o 0.000 1.298 io4o 0.000 1.230 io4o 0.000 1.144 1050 0.043 1.016 1120 0.316 0.855 
6 1 3 o.ooo 1.292 6 1 3 0.000 1.233 613 0.001 1.160 629 0.109 1.037 679 0.438 0.831 
319 0.000 1.302 M9 0.000 1,254 320 0.016 1.192 337 0.242 1.049 364 0.577 0.778 
172 0.000 1.333 172 0.006 1.293 175 0.072 1.234 189 0.393 I.O38 201 0.685 0.713 
89.6 0.003 1.395 90.6 0.049 1.35B 93-9 0.201 1.282 102 0.549 1.003 107 0.776 0.641 
he .2 o.o48 1.497 47 .7 0.178 1.448 50.0 0,388 1.326 53.5 0.692 0.950 55.4 0.851 0.570 
17 .1 0.425 1.764 17.6 0.558 1.618 18 .1 0.700 1.360 18.8 0.858 0.859 19 .1 0.932 0.481 
100 9560 o.ooo 1,32.1 9560 0.000 1.231 9560 0.000 1.114 9560 0.000 0.951 9600 0.017 0.849 
3410 0.000 1.224 34.10 0.000 1.172 3410 0.000 I .099 3^20 0.002 0.996 3480 0.080 0.923 
1590 0,000 1.122 1590 0.000 1.109 1590 0.000 1.083 1600 0.013 1,045 1670 0.195 0.998 
996 0.000 i . o48 996 0.000 1.063 996 0.000 1.070 1010 0.038 1,079 1070 0.290 1.055 
5^3 0.000 0.932 543 0.000 0.986 544 0.002 1.044 558 0.108 1.132 600 0.421 I . I 5 6 
193 0.000 0.610 193 0.006 0.755 195 0.054 0.946 208 0.320 1.326 222 0.621 1.452 
6 1 . 8 0.270-0.102 62 .0 0.279 0.357 63.2 0.365 0.969 66 .7 0.606 1.748 69.6 0.797 1.67^ 
nr\r\ nQi o 
£ _ W W i—'U-t-yy 
n nnn i n ^ c 2810 0.000 1,072 2810 0,000 1/060 ?8 io 0.002 1.042 2870 0.090 1.025 
1200 0.000 0.888 1200 0.000 0.954 1200 0.000 1.020 1210 0.021 1.115 1270 0.225 1.173 
766 0.000 0.755 766 0.000 0.666 766 0.000 O.987 775 0.053 I . I 6 3 824 0.315 1.293 
ij-21 0.000 0.522 4 2 1 0.000 0.703 422 0.005 0.914 434 0.132 1.256 466 0.438 1.527 
151 0.013=0.220 151 0.029 o . i6o 154 0.091 0.681 163 0.341 1.691 174 0.625 2.183 
4oo 2580 0.000 0.820 2580 0.000 0.899 2580 0.000 0,990 2580 0,002 1,117 2630 0.082 1.197 
1030 0.000 0.483 1030 0.000 0.682 1030 0.000 0.908 io4o 0.022 1.228 1090 0.215 1.473 
470 0.000 0.015 470 0,000 0.362 470 0.003 0.764 480 0.090 1.386 511 0.364 1.930 
378 0.000=0.162 378 0.001 0,235 379 0.007 0.703 389 0.120 1.455 416 o.4o6 2 .111 
4=-
Table 29 (Continued) 
r = OoO r = 0.2 r - 0 .3 r = 0.4 r = 0.45 
Fc Pe L /z T u P e L /
z T u Pe T / z 
JL 
T u Pe / z 
J_l 
T u Pe /z 
J_l 
T u 
800 7950 o.ooo 0.71+0 7930 0.000 0.838 7950 0.000 0.961 7930 0.000 1.132 7950 0.011 1.237 
198O 0.000 0.287 1980 0.000 0.540 1.980 0.000 0.847 1.980 0.003 1.277 2020 0.082 1.560 
1190 0.000-0.010 1.190 0.000 0.347 1190 0.000 0.770 1190 0.010 1.367 1230 0.145 1.796 
• 100 9560 0.000 1.506 9560 0.000 1.357 9560 0.000 1.165 9560 0.000 0.895 9610 0.022 O.727 
5680 0.000 1.495 3670 0.000 1.356 3680 0.000 1.174 3680 0.002 0.921 3770 0.100 0.741 
2170 0.000 1.511 2170 0.000 1.368 2170 0.000 1.188 2180 0.009 0.935 2270 0.188 0.721 
1200 0.000 1.572 1200 0.000 1.413 1200 0.000 I .223 1210 o.o4o 0.947 1290 0.331 0.633 
664 0.000 1.692 664 0.000 1.511 664 0.001 1.297 683 0 .121.0 .944 743 0.485 0.445 
543 0.000 1.7^9 543 0.000 1.561 544 0.003 1.334 564 0.162 0.932 615 0.535 0.352 
•200 5180 0.000 1.627 5180 0.000 1.444 5180 0.000 1.207 5180 0.000 0.876 5270 0.074 0.653 
3210 0.000 1.670 3210 0.000 1.474 3210 0.000 1.227 3210 0.004 0.881 3320 0.146 0.618 
2250 0.000 1.731 2250 0.000 1.514 2250 0.000 1.252 2250 0.011 0.882 2370 0.224 O.555 
1530 0.000 1.842 1530 0.000 1.588 1530 0.000 1.297 1540 0.031 0.879 1660 0.335 0.424 
ro 
Table 30 . Ve loc i ty and Temperature P r o f i l e s for Liquids a t [i /[1 = 0 . 5 . 
r = 0.0 r = 0.2 , r = 0 .3 r = 0 A r = 0.45 
Fc P e L / 2 T u PeT /z T u PeT /z T u Pe /z T u PeT /z 
-L 1J Jj Jj 
T u 
± 0 . 1 9050 0.000 2.108 9050 0.000 1.750 9050 0.000 1.303 9050 0.001 0.677 9010 0.129 0.304 
6150 0.000 2 .121 6150 0.000 1.759 6150 0.000 1.305 6150 0.004 0.669 6 n o 0.200 0.297 
3580 0.000 2.142 3580 0.000 1.771 3580 0.000 1.306 3580 0.017 0.656 3540 0.314 0.289 
13^0 0.000 2.186 1340 0.000 1.794 1340 0.000 1.304 1330 0.118 0.629 1310 0.504 0.282 
594 0.000 2.225 59^ 0.000 1.811 594 0.007 1.296 588 0.276 o .6 i4 581 0.628 0.284 
299 0.000 2.255 299 0.001 1.820 298 0.050 1.281 294 0.420 0.610 291 0.713 0.290 
150 0.000 2.277 150 0.015 1.816 149 0.159 1.263 147 0.557 0.615 146 0.786 0.299 
4 6 . 1 0.032 2.256 45 .9 0.200 1.775 45.5 0.444 1.251 45 .0 0.736 0.64o 44 .7 0.874 0.322 
20.5 0.271 2.174 20.4 o .46 i 1.736 20.2 0.648 1.254 2 0 . 1 0.837 0.665 20 .0 0.923 0.341 
13 .1 0.499 2 .111 13.0 0.634 1.713 13.0 0.762 1.259 12.9 0.890 0.680 12.9 0.948 0.352 
100 6990 0.000 2.074 6990 0.000 1.728 6990 0.000 1.295 6990 0.002 0.689 6950 0.162 0.329 
4050 0.000 2.077 ^050 0.000 1.729 4oso 0.000 1.294 4050 0.011 0.686 4o io 0.268 0.330 
2200 0.000 2.076 2200 0.000 1.727 2200 0.000 .1.292 2190 0.045 0.684 2170 0.391 0.336 
1150 0.000 2.065 1 1 5 ° 0.000 1.719 1150 0.000 1.287 n 4 o 0.129 0.688 1130 0.508 0.348 
587 0.000 2.037 587 0.000 1.701 587 0.007 1.280 582 0.255 0.702 574 0.611 0.365 
264 0.000 1.975 264 0.002 1.665 264 0.056 1.277 260 0.422 0.729 258 0.713 0.388 
77.3 0.005 1.822 77 .1 0.084 1.605 76.5 0.301 1.293 75.5 0.650 0.770 75.0 0.831 0.416 
2 5 , 1 0,218 1-828 24„Q o.4oo I .617 24 .7 0.597 1.290 24.5 0.810 0.757 24 .5 0.909 0.407 
14.9 0.467 1.897 1^.8 0.602 1.637 14.7 0.738 1.280 14.6 0.878 0.739 14.6 0.942 0.395 
10.5 0.643 1.934 10.5 0.735 1.648 10.5 0.826 1.274 10.4 0.919 0.729 10.4 0.961 0.388 
200 724o 0.000 2.036 724o 0.000 1.703 7240 0.000 1.287 724o 0.002 0.705 7200 0.145 0.355 
4720 0.000 2.027 4720 0.000 1.697 4720 0.000 1.285 4720 0.007 0.708 4680 0.222 0.362 
2650 0.000 2.006 2650 0.000 1.683 2650 0.000 1.280 2650 0.027 0.715 2620 0.337 0.378 
961 0.000 1.931 961 0.000 1.637 961 0.000 1.269 956 0.145 0.751 943 0.519 0.418 
376 0.000 1.792 376 0.000 1.559 375 0.022 1.266 371 - 0.328 0.813 367 0.656 0.464 
109 0.001 1.481 109 0.038 1.437 109 0.202 1.311 107 0.573 0.896 106 0.792 0.512 
32 .8 0.152 1.427 32.6 0.318 1.470 32.3 0.523 1.330 32 .0 0.770 0.871 31.9 0.890 0.489 
14.4 0.516 1.714 14.4 0.633 1.568 14.3 0.755 1.295 14.2 0.885 0.791 1^.2 0.945 0.434 
Table 30 (Continued) 
r = 0 . 0 r = 0 . 2 r = 0 . 3 r = 0 . 4 r = 0 .45 
Fc P e L / z T u Pe / z 
J-i 
T u Pe / z 
J_i 
T u P e T / z T u Pe / z 
Li 
T u 
400 5030 0 . 0 0 0 1»942 503O 0 . 0 0 0 1.642 5030 0 . 0 0 0 1 .267 5030 0 .004 0 . 7 4 3 4990 0 .186 0 . 4 2 0 
3140 0 . 0 0 0 1.899 3 i 4 o 0 . 0 0 0 1.614 3140 0 . 0 0 0 1.259 3140 0 .015 0 .762 3110 0 . 2 7 3 0 . 4 4 7 
1800 o . o o o 1.825 1800 0 . 0 0 0 1.568 1800 0 . 0 0 0 1.249 1790 0 . 0 4 7 O.798 1770 O.379 0 . 4 8 7 
6 6 1 0 . 0 0 0 1 .603 6 6 1 0 . 0 0 0 1 A 3 9 6 6 1 0 . 0 0 3 1.234 6 5 7 O . I 8 3 O.907 649 O.547 O.574 
275 0 . 0 0 0 1.267 275 0 .002 1.267 275 0 .039 1.255 272 0 .355 1.038 269 O.669 0 .654 
8 8 . 7 0 .009 O.669 8 8 . 5 0 .065 1.077 8 8 . 0 0 .229 1.366 8 6 . 9 0 .584 1.166 8 6 . 2 0 . 7 9 7 O.716 
2 5 . 7 0 . 3 1 8 1.009 2 5 . 6 0 .436 1.293 2 5 . 5 0 .595 1.559 2 5 . 3 0 . 8 0 1 1.002 2 5 . 2 0 .904 O.59I 
1 4 . 9 0 . 5 5 8 1.399 1 4 . 9 0 .655 1.444 1 4 . 8 0 .762 1 .321 1 4 . 8 0 .886 0 .886 1 4 . 7 O.945 0 .506 
1 0 , 5 0 .712 1.625 10 .5 0 . 7 8 0 1.528 1 0 . 5 0 .852 1.299 10 .4 O.930 0 . 8 2 0 10 .4 O.967 O.457 
800 7160 0 . 0 0 0 1.849 7160 0 . 0 0 0 1.581 7160 0 . 0 0 0 1 .247 7160 0 . 0 0 1 O.779 7140 0 . 1 0 7 0 .486 
^ 6 7 0 0 . 0 0 0 1 .787 4670 0 . 0 0 0 1.541 4670 0 . 0 0 0 1.235 4670 0 .004 O.806 4640 O.167 0 . 5 2 7 
2390 0 , 0 0 0 1.646 2390 0 . 0 0 0 1.452 2390 0 . 0 0 0 1.212 2390 0 . 0 2 0 O.873 2360 0 . 2 8 1 O.609 
986 0 . 0 0 0 1.345 986 0 . 0 0 0 1.272 986 0 . 0 0 0 1 .181 983 0 .089 1.025 971 O.436 O.745 
jyy 0 . 0 0 0 0 .825 399 0 . 0 0 0 D.QPK *,QQ " " .' w y s y s 0 „ 011 1 .180 396 0 .229 1 .261 391 0 . 5 7 8 O.903 
127 0 . 0 1 3 - 0 . 1 8 8 127 0 .032 0 .564 127 0 . 1 2 1 1.324 125 0 . 4 5 8 1.565 124 0 . 7 2 7 1.062 
-100 89^0 0 . 0 0 0 2 . 1 4 7 6940 0 . 0 0 0 1.776 8940 0 . 0 0 0 1 .311 894o 0 . 0 0 1 0 . 6 6 1 8890 0 . 1 4 3 0 . 2 7 7 
5630 o . o o o 2 . 1 7 8 5630 0 . 0 0 0 1.795 5630 0 . 0 0 0 1.316 5630 0 .006 0 .645 5580 0 ,236 0 . 2 6 0 
258O 0 . 0 0 0 2.2.44 2580 0 . 0 0 0 1.O34 2580 0 . 0 0 0 1 .321 2570 0 . 0 4 3 O.607 2540 0 .406 0 .234 
116 0 0 . 0 0 0 2 0 33"+ J-^6 0 KJ 0 i v u -1 ".'.'a), n Cr\ -i. 0 < j .j-r J i\j \-> 0-
 n P l l l X O l T I R O 0 .162 n . ^ A nhn 
- - y s — ' " 
O.551 0 .212 
587 0 . 0 0 0 2 . 4 3 3 587 0 . 0 0 0 1=935 587 0 . 0 0 9 1.509 580 0 .306 O.518 575 O.651 0 .199 
295 0 . 0 0 0 2 . 5 4 8 295 0 . 0 0 1 I . 9 7 9 294 0 . 0 5 8 1.279 290 0 . 4 5 0 0 . 4 8 8 287 0 .732 0 .192 
148 0 . 0 0 0 2 . 6 7 1 143 0 .016 2 . 0 0 8 147 0 . 1 7 7 1 .238 145 0 . 5 8 3 O.474 144 0 . 8 0 0 0 .194 
4 5 . 6 0 .024 2 . 7 4 4 4 5 . 3 0 . 2 0 1 I . 9 5 0 4 4 . 9 0 . 4 5 8 1.199 ^ 4 . 4 0 . 7 4 7 O.508 4 4 . 2 0 . 8 8 0 0 . 2 2 8 
2 0 . 3 0 . 2 4 3 2 . 5 3 0 2 0 . 1 0 .452 1.854 2 0 . 0 0 . 6 4 8 1 .218 1 9 . 8 0 .839 0 . 5 7 ^ 1 9 . 8 0 .924 0 .275 
1 3 . 0 0 . 4 7 3 2 . 3 3 8 1 2 . 9 0 . 6 2 1 1.791 1 2 . 8 0 . 7 5 7 1.237 1 2 . 8 0 .889 0 . 6 2 0 1 2 . 7 0 . 9 4 7 0 . 3 0 8 
M 
Table 30 (Continued) 
r = 0.0 r = 0.2 r = 0.3 r = 0.4 r = 0.45 
Fc P e x / Z T u PeL /z T u Pe /z T u Pe / z T u Pe / z T u 
-200 9730 0.000 2.182 9730 0.000 1.799 9730 0.000 1.319 9730 0.001 0.647 9680 0.139 0.252 
5350 0.000 2.242 5350 0.000 lo837 5350 0.000 1.328 5350 0.008 O.617 5300 0.269 0.218 
2970 0.000 2.320 2970 0.000 1=883 2970 0.000 1.335 2970 0.037 0.573 2930 0.403 0.185 
1570 0.000 2.431 1570 0.000 1.946 1570 0.000 1.339 1570 0.125 0.511 1540 0.528 0.151 
811 0.000 2.582 811 0.000 2.026 810 0.003 1.332 803 0.2.67 0.442 792 0.633 0.120 
411 0.000 2 .771 411 0.000 2.114 4 l l 0.031 1.300 405 o.4i6 O.380 401 O.7I8 0.097 
207 0.000 2.985 207 0.005 2.187 206 0.125 I .239 203 0.547 O.338 202 0.784 0.087 
104 0.000 3.188 io4 0.044 2.209 103 0.278 1.173 102 0.658 0.328 101 0.837 0.093 
32.0 0.066 3.164 31 .3 0.297 2.068 31.5 0.547 1.150 31.2 0.794 0.411 31 .1 0.902 0.161 
Ik.2 0.391 2.665 14 .1 0.570 1.898 14.0 0.728 1.203 1^-0 0.876 0.537 13.9 0*942 0.248 
-F" 
vn 
Table 3I0 Ve loc i ty and Temperature P r o f i l e s fo r Liquids a t p. /\x _ = 0 . 2 , 
r = 0.0 r = 0.2 r = 0 .3 r = 0.1+ r = 0ak[ 
Fc P e , / z T u Pe / z T u Pe / z T u Pe / z T u Pe T /z T u 
J I -L-J J I -I—I J_l 
± 0 .1 6660 o.ooo 2.249 6660 0,000 1.842 6660 0.000 1.329 6660 0.005 0.612 6510 0.244 0.213 
2920 o.ooo 2,325 2920 0,000 1,883 2920 0.000 1.331 2910 0.041+ 0.56!+ 2800 0A19 0.192 
1290 0.000 2.1+15 7290 0.000 1.930 1290 0.000 1.321+ 1270 0.166 0,511+ 1220 0.559 0.183 
61+8 0.000 2.502 61+8 0,000 1,969 61+8 0,008 I.30I+ 629 0.308 0.1+81+ 607 O.655 0,183 
325 0.000 2.591+ 325 0.001 1,998 323 0.051+ 1.266 311 0.1+1+8 0.1+71 302 0.732 0.189 
163 0 = 000 2,681 162 0.013 2.003 160 0.167 1.221 153 0.576 0.1+71+ 150 0.797 0.202 
50 .0 0.018 2.706 1+9 = 1 0.185 1.923 1+7.9 0.1+1+1+ 1,187 ^6.5 0.71+0 0.516 1+5.8 0.877 0.238 
22 .0 0.211+ 2.531+ 21.5 0.1+31 1,835 21 .1 0.635 1,198 20.6 0,832 0.567 20.1+ 0.921 0.271+ 
13.8 0.437 2,361+ 13,6 0,598 1.779 13.1+ 0,71+3 1.212 15.2 0.882 0.605 13 .1 0 = 91+1+ 0.299 
100 7570 0.000 2,205 7570 0,000 1.813 7570 o.ooo 1,322 7570 0.003 0.631+ 71+20 0.202 0,21+0 
3970 0.000 2.21+3 3970 0.000 1.835 3970 0.000 1,323 3960 0.019 0.609 3830 0,31+2 0.228 
11+60 0,000 2,307 i46o 0.000 1,867 i46o 0.000 1,317 i44o 0.129 0.568 1390 0,523 0.221+ 
646 0.000 2.355 6^6 0.000 1.886 645 0,007 1.301 628 0.289 0.552 606 0.640 0.231 
32I+ 0 , 0 0 0 2 , 3 : 3 324 0,001 1.889 323 0,048 1,279 311 0,428 0,553 502 0 .720 0.243 
162 0,000 2.392 162 0.013 I.875 160 0,155 1=257 15^ O.559 O.565 150 0,788 0.259 
49 .9 0.023 2,338 49*1 0.184 1.818 47 .9 0,434 l , 24o 46.5 0,733 0.596 4 5 . 8 0.873 0.288 
21 = 9 0,23-4 2,232 21=5 0.437 1 = 771 2 1 . 1 0,634 1 = 230 20=6 0.852 0,619 20,4 0,920 O.3O8 
13,8 O-437 ? , ? i s 13.6 0=607 1.7^7 I3c4 0,747 .1,230 13.2 0,884 0,636 15,1. 0,945 0,522 
200 8060 0,000 2 ,171 8O6O 0,000 1 = 799 8060 0,000 I . 3 I 5 806O 0,002. 0,649 7920 0,178 0.261 
3930 0.000 2,1.96 5930 0,000 1=806 3930 OcOoo 1,316 3920 0,017 0,651 5800 0.328 0.255 
I38O 0.000 2,222 I38O 0,000 i , p l 6 I38O 0,000 1,308 I36O 0,127 0.61-1 I3IO 0.517 0.263 
601 0.000 2 : 2 1 - 601 0 . 0 0 0 1 , 8 0 0 600 0 . 0 0 8 1 . 2 9 6 584 0,286-0.617 564 0 , 6 3 6 0 . 2 7 9 
266 0.000 2,1.74 266 0,002 1.779 265 0,064 1,287 255 0J+50 0.63? 248 0,731 0.300 
77,2 o = oo4 2,019 76.7 0.086 1.719 74=9 0.316 1,293 72.3 o.6r';r: 0.673 7 i « o 0.839 0.332 
24 .7 O.205 2 , o 4 l 2:4c2 0.400 1.710 P,3°7 0,6o4 1.264 23.2 0..816 0=669 23 ,0 0=912 0,339 
14.4 o,453 2,082 i4c2 0,601 1,699 14,0 0 .741 1,246 13=8 0.380 0.666 13,7 0.94*. 0,342 
4oo 8530 0.000 2,i:;.r; Cl^o o.ooo 1,7^5 8330 0,000 1,304 8330 0,002 0,673 6200 0,153 0,299 
4920 0,000 2 . i i 4 4Q°O 0,000 1 = 753 'v9?o 0.000 1.302 4920 0,008 0,671 48oo 0,2^ 0.303 ^ 
2580 0.000 2.100 r58o 0=000 1,743 2380 0,000 1,297 2570 0.037 0,675 248o 0.582 0.317 
Table 31 (Continued) 
r = OoO r - 0o2 r = 0.3 r = 0.4 r = 0 = 45 
Fc PeT /z T u Pe / z T u Pe /z T u Pe /z T u Pe T / z T u 
J_i J L J L J-J JLJ 
4oo 950 0,000 2,029 950 0.000 1=700 950 0.001 1=288 934 0=169 0.708 899 0.549 0=350 
217 0=000 1=721 217 o=oo4 1.552 216 0.079 1=317 208 o=46o 0.806 202 0=734 0.413 
56=6 0=029 1=334 56 .0 0.151 1=497 54°7 0=377 1.381 53 .0 0=695 0=836 5 2 . 1 0=853 0.437 
17=3 0=404 1=773 17=1 0=548 1.612 16.8 O.700 1.286 16.5 0.860 O.737 16.4 0=933 0.388 
800 7580 o.ooo 2=017 7580 0=000 1.690 7580 0.000 1.284 7580 0.002 0.715 748o 0=i42 0.367 
4390 0=000 1.977 4390 0=000 1=665 4390 o.ooo 1=276 4390 0=008 0=732 4290 0.237 0.392 
2030 0=000 1.879 2030 0.000 1=605 2030 0=000 1.264 2030 0.043 0.781 i960 0=381 o.44o 
794 0.000 1=650 79U- 0=000 1.745 794 0.002 1.255 782 0.162 0.896 753 0.535 0.512 
335 o.ooo 1.265 335 0.001 1=283 334 0.025 1.292 324 0.324 1.035 3i4 0=654 0=582 
101 0=007 0.420 101 0.047 1.039 99=2 0=191 1.475 95=6 0=560 1.173 93=4 0=786 0.648 
28.2 0=284 0=908 27.9 0.393 1=327 27=4 0.559 l .4o4 26 .8 0.783 0.957 26=5 0=896 0.529 
16 .1 O.511 1=423 15=9 0=6l4 1,483 15=7 O.735 1.320 15=5 0=874 0.832 15.4 0=94o O.456 
11=2 0.671 1,68] 11-I 0.749 1.^54 11.0 0,833 1.280 10=9 0=922 0=771 10.9 0=963 0=419 
-100 6660 0 = 000 2=289 6660 o»oob i~.868 6660 0.000 1.337 6660 0.006 0.594 6490 0=262 0.187 
2920 0,000 2.393 2920 o.ooo 1 = 92.5 2920 0 = 000 1 = 340 2910 0 = 050 0.529 2800 o=44o 0 = 157 
1290 0=000 2=527 1290 0=000 1.996 1290 0=001 1.332 1270 0=185 0=458 1220 0.579 o=i4o 
648 0=000 2=666 648 0=000 2=060 648 0.009 1=304 627 0=332 o . 4 l i 606 0.671 0.133 
325 0 = 000 2 = 825 3°5 0 = 001 2.1.15 323 0,061 1.-248 310 0-^71 0.384 301 0.74-5 0 = 134 
163 0.000 2 = 991 1.62 0=014 2 = 137 160 0 = 182 1 = 179 153 0.594 0.380 150 0.806 0.145 
50=0 0=015 '5=091 49=1 0=187 2.029 47„8 Oo454 1=131 46=4 0=748 0.435 45=8 0=380 0=188 
22=0 0=196 2.608 21=5 0=425 1=905 21=1 0=635 1=163 20=6 0.834 O.513 20=4 O.922 0=239 
13=9 0.417 2=530 13.6 0=589 1.824 13.4 0,739 1.192 13=2 0.381 0=567 13 .1 0,944 0.275 
-200 6380 0=000 2=340 6380 o.ooo 1.900 6380 OcOoo 1=345 6380 0,007 0.569 6200 0=293 0.157 
2550 0.000 2=497 PSSO 0 = 000 1=936 2550 0 = 000 1=349 2530 0.076 0=473 2430 OJ+8^ ; 0 = 1.15 
1160 0 = 000 2=681 1160 0 = 000 2.063 3-i6o 0.001 1.336 1130 0=231 0=383 1090 o=6i4 0.091 
589 0.00c 2 = 860 2;89 o.ooo 2 = 173 586 0.015 1=293 567 0.380 0=324 549 0 = 700 0.079 
23o 0,000 5 = 1.58 2fto 0 = 002 2,257 2 7 / 0 = 090 1=202 265 0 = 527 0.287 259 0.775 0.078 
78.3 0.001 5,499 77.6 0=091 2=214 75 = 5 0,369 1 = 072 72.9 0.708 0 = 315 71 .8 0 = 861 0.1.13 -5 
2.5 = 0 0.133 3 = 1.92 ?.4.4 0=362 1.997 23 .8 0.6.10 1.1.13 23=3 0 = 823 0=438 23 = 1 0=9.16 0.192 
14.5 0 = 374 2 .751 14=3 0 = 565 1.881 1.4.0 0 = 726 1.166 13 = 8 0.876 O.522 1.3.7 0=941 0.246 
- t r 
Table 32. Velocity and Temperature Profiles for Liquids at u /p. = 0.1. 
r = 0c0 r •= 0 .2 r - 0 . 3 r = 0 .4 r = 0.45 
Fc Pe / z T u P e L / z T u P e L / z T u P e L / z T u P e L / z T u 
± 0 . 1 8520 OcOOO 2 . 3 0 1 8520 0 . 0 0 0 1.877 8520 0 . 0 0 0 1 .341 8520 0 . 0 0 3 0 , 5 9 0 8210 0 , 2 3 1 0 .175 
3320 0 = 000 2 , 4 l 4 3320 0 . 0 0 0 1.938 3320 0 . 0 0 0 1.343 3300 0 .044 0 . 5 1 7 3090 0 .435 0 .145 
1.500 0 , 0 0 0 £•535 1500 0 . 0 0 0 2 . 0 0 1 1500 0 . 0 0 0 1.334 i 4 6 o 0 , 1 6 8 0 . 4 5 1 1360 0 . 5 8 7 0 . 1 3 3 
757 OcOOO 2 . 6 5 9 757 0 . 0 0 0 2 . 0 5 8 756 0 .006 1 .308 719 0 . 3 1 0 0 .409 6 7 8 0 . 6 6 0 0 . 1 3 0 
3 8 1 0 . 0 0 0 2 08OI ^81 OcOOO 2 c 107 378 0 .045 1.255 354 0 .449 0 .385 337 0 .734 0 . 1 3 3 
191 OoOOO 2*952 1.91 0 . 0 0 8 2 , 1 3 0 186 0 . 1 5 3 1.1.87 174 0 .574 0 . 3 8 0 167 "0.797 0 .142 
5 0 , 9 0 .014 3-097 4 9 . 5 0.1,36 2 .025 4 7 . 3 0 ,462 1 .121 4 5 . 0 0 .752 0 .425 4 4 . 0 0 = 882 0 .182 
1.5 c 4 0 . 3 5 8 2 . 6 8 6 1 4 . 9 0 .552 1,852 i 4 . 5 0 . 7 1 8 1.155 1 4 . 1 0 .872 0 . 5 2 0 1 5 . 9 0 .939 0 .245 
100 7840 0 . 0 0 0 2 . 2 7 8 7840 0 . 0 0 0 1 .861 784o 0 . 0 0 0 1.336 784o o.oo4 0 . 6 0 0 7550 0 ,235 0 .192 
3210 0 . 0 0 0 2 . 3 6 4 32.10 0 . 0 0 0 1.907 3210 0 . 0 0 0 1,336 3190 0 .042 0 .544 3000 0 .424 0 . 1 7 0 
1470 0 . 0 0 0 2 o 4 s i 1.470 0 .000 1=952 1470 0 , 0 0 0 1.329 i 4 4 o 0 .156 0 .495 1340 0 , 5 5 6 0 . 1 6 3 
751 OcOOO 2 . ^ 3 5 751 0 . 0 0 0 1.990 750 0 .005 1=309 716 0 , 2 9 3 0 .465 675 t ) . 6 4 8 0 .164 
379 0 , 0 0 0 2=62'") ^ 7 Q 0 ,000 2 . 0 1 8 777 o«,o4i 1.272 ^53 0 . 4 3 1 0 . 4 5 1 336 0 . 7 2 4 0 .169 
191 0 . 0 0 0 2 . 7 0 8 190 0 . 0 0 8 2 . 0 2 7 186 0c i . 4 i 1 ,227 174 0 .559 0 . 4 5 0 167 0 . 7 8 9 0 , 1 8 0 
5 0 . 8 0 . 0 1 7 2 . 7 6 7 k 9 = 5 0 .184 1.950 4 7 . 3 0 = 453 1.174 4 s , 0 0 = 746 0 . 4 8 3 4 4 . 0 O.879 0 . 2 1 3 
15*3 0 . 3 7 3 2 , 5 4 0 1 4 , 9 0*557 1 .821 1 4 . 4 0 , 7 2 0 1.174 1 4 . 1 0 .872 0 .546 1 3 . 9 0 . 9 3 9 0 . 2 6 1 
200 7190 " OcOOO 2=2 l5 r 7190 0 = 000 1.846 71.90 0 , 0 0 0 1 ,331 7190 o.oo4 0 . 6 1 0 6920 0.2.41 0 . 2 0 8 
2.950 
r\ A A ^ 
U « V^'V., c. sjr.v • 7 . ^ 
r\ r^r^r^ 
w 0 wv/•_•• 
1 >^£n 
J - C > ' _ ' ^ 
onrrn 
1 ' s..- -
0 „ 00 r ' 1 ^ n 2930 o = o4c O-566 P750 -0.425 0 .194 
i 4 4 o 0 = 000 2 = 374 1440 0 .000 1.907 l44'0 0 = 000 1.323 i 4 o o 0 = 148 0 .535 1310 0 .546 0 . 1 9 3 
711 0 . 0 0 0 2ok2y 711 0 ,000 10927 710 0 ,006 1.308 678 0 . 2 8 7 0 . 5 1 8 639 0,64-3 0 . 1 9 7 
353 0 , 0 0 0 9 , 4 6 7 3. r3 0 . 0 0 1 1,93s 351 0 . 0 4 2 1 .283 329 0 . 4 3 3 0 .514 313 0 ,724 0 .206 
108 OcOOO 2=46^ 108 0 ,044 1.907 104 0 , 2 5 3 .1.251 97-5 0 .632 0 . 5 2 7 9 4 . 3 0 ,824 0 , 2 2 8 
4 5 . 1 0 .032 2 . 4 4 6 4 ^ 0 ^ 0 ,213 1,870 4 2 . 0 0 .472 1.223 4o,o 0 .755 0 ,542 3 9 . 1 02883 0.2.48 
1 3 . 8 Ookki 27380 13=4 0 ,602 1,778 1.3 d 0 .746 1.192 1.2,8 0 ,884 0 . 5 7 7 1 2 , 6 0.944 0=281 
400 6 9 ^ 0 0 . 0 0 0 2 , 2 0 0 6940 0 , 0 0 0 i.eio^ 6940 OeOOO 1=320 6930 0 ,004 0 .635 6690 0 ,224 0 . 2 4 3 
3470 0 . 0 0 0 2 . 2 2 1 3470 0 = 000 1.820 3470 0 . 0 0 0 1=319 3450 0.0:°6 0 . 6 1 9 3270 0 = 369 0 . 2 4 1 
1240 OcOOO 2=227 1240 0 , 0 0 0 1,820 1240 0 , 0 0 0 1 ,311 1210 0*152 0 , 6 1 1 1130 o.'?44 0=252 
482 0 . 0 0 0 2 „ 181 ^82 0 = 000 1 .791 • 4 8 1 0.01.6 1.304 456 0 . 3 3 8 0=629 4 3 1 0,67-J 0 , 2 7 0 
Table 32 (Continued) 
r = 0.0 r = 0.2 r = 0.3 r = 0.4 r = 0.45 
Fc Pe /z T u PeT/z T u PeT/z T u Pe /z T u PeT/z T u 
J-i 1 J J-I 1 I L 
400 140 0.000 I .982 I39 0.020 1.719 136 0.175 I..332 127 0.572 0.661 123 0.79^ 0.297 
41 .7 0.058 1.881 4o.5 0.233 1.734 39.0 0.471 1.310 37 .1 0.751 0.646 36.3 0.882 0.306 
17.7 0.343 2 . i 4 i 17=2 0.517 1.740 16=7 0.687 1=233 16.3 0*856 0.617 16.0 0.932 0.303 
11.0 0.577 2 .171 10.8 0.694 1.712 10.6 0.803 1.211 i o . 4 0.910 0.621 10.3 0.957 0.312 
800 9800 0.000 2.108 9800 0.000 1.749 9800 0.000 1.303 9800 0.001 0.678 9600 0.128 0.303 
5160 0.000 2.094 5160 0.000 1.740 5160 0.000 1.300 5150 0.007 0.683 4960 0.246 0.313 
2390 0.000 2.048 2390 0.000 1.712 2390 0.000 1.293 2370 0.042 0.705 2240 O.395 O.335 
867 0.000 1.898 867 0.000 1.628 867 0.002 1.289 843 0.178 0.778 791 "0*558 0.373 
359 0.000 1.627 359 0.000 1.498 358 0.025 1*326 339 0.349 0.861 321 0.674 o .4 io 
115 0.001 1.013 115 0.034 1.346 112 0.184 1.475 105 0.560 0.925 101 0.788 0.443 
51 .8 0.061 0.879 50.9 0.173 1.424 4 9 . 1 0.387 1.481 46.6 0.701 0.871 45 .3 O.857 0.428 
15.2 0.469 1.803 14.9 O.599 1-633 l4c5 0.734 1.2.69 14*2 0.877 0.693 14.0 0.941 0.354 
-100 7950 0.000 2.340 7950 0.000 1.901 7950 0.000 1.347 794o o.oo4 0.571 7620 0.263 0.154 
3180 0.000 2,477 3180 0,000 1.975 3180 0.000 1.348 3150 0.054 0.483 2950 0.460 0.119 
1450 0.000 2.63;:: i4-50 0.000 2/057 1450 0.000 1.337 1^00 0.191 0.402 1310 0.589 0.103 
734 0.000 2.798 734 OcOOO 2.152 733 O0O08 1.301 695 0.337 0.350 656 0.677 0.097 
370 0.000 3.000 370 0.000 2.203 367 0.052 1.229 542 o.48o 0.517 326 0.751 0.098 
114 0=000 3.552 i i ' i ouo42 2.°07 109 0,279 1,098 103 0,658 0-324 99-4 0*838 0.119 
47 .9 0.01.6 5 , 4 I P 46.5 0=205 2c084 44=4 0,485 1 = 070 42 .3 0.764 0.375 41.4 0.887 0.155 
14.8 0.366 2.303 14.3 0 = 561 1.674 13.9 O.726 1.138 1.3=5 O.875 O.500 15A o.94o O.233 
-200 548o 0.000 2.4-54 54^0 OcOOO 1,960 5480 0.000 1.355 5460 0.016 0.516 5160 0.369 o . n 4 
2580 0.000 2.^67 2580 0.000 2.037 2580 0,000 1.355 2540 0.094 0.421 2370 0.5.1.6 0.086 
1350 0.000 2o7!-."7 ] x 50 o.ooo 2.126 1330 0,001 1.337 1280 0.231 0.342 1200 0.619 0.071 
6?4 0.000 2»973 674 0.000 2.221 673 0.012 1.285 634 0.379 0.282 600 0.701 0.063 
520 0.000 3.2r59 yo 0.001 2,^12 316 0.081 1,177 293 0.525 0.247 281 0.774 O.O63 
89.6 0.001 3,717 88,6 0.075 2.872 84.6 0=354 I .019 79.7 0,703 0.271 77.6 O.859 0,093 
26.2 0.111 3,468 2^ ,1 0.575 8.027 2 4 . 1 0.611 I .058 23 .3 0.826 O.39O 22.9 O.918 0«l67 
10.9 0.516 2,655 10.6 0.664 1,853 i o . 4 0.789 1.15.1 10.2 0.905 0.525 10.1 0.955 0.250 
Table 55= Velocity and Temperature Profi les for Liquids a t \i j\x = 0.05. 
r = 0 . 0 r - 0 . 2 r = 0 . 5 r - 0 .4 r = 0 .4^ 
Fc P e L / z T u P e L / z T u P e L / z T u P e L / z T u P e L / z T u 
± 0 . 1 7360 OoOOO 2c579 7360 0 . 0 0 0 1.925 7360 0 . 0 0 0 1 .551 7350 0 . 0 0 7 O.549 6900 0 .502 0 .154 
4050 0 .000 2 . 4 6 9 4050 0 . 0 0 0 1.972 4050 0 , 0 0 0 1 .551 4 o i o 0 ,056 0 .489 3690 0 . 4 5 0 0 .114 
2150 0 . 0 0 0 2 .59+ 2150 0 . 0 0 0 2 . 0 3 5 2130 0 . 0 0 0 1.546 2070 0 .125 0 . 4 2 1 1890 0 .542 0 . 1 0 1 
1090 0 . 0 0 0 2 . 7 2 9 1090 0 . 0 0 0 2 . 1 0 4 1090 0 .002 1 .523 1050 0 .265 0 .564 950 O.656 0 .094 
553 0 . 0 0 0 2 . 9 0 5 553 0 . 0 0 0 2 .175 551 0 . 0 2 1 1.269 507 Oo405 0 .525 473 0 .714 0 .092 
279 0 . 0 0 0 5 . 1 1 7 278 0 .002 2 . 2 5 2 273 0 . 0 9 7 1.182 248 0 .536 0 .504 254 0 .799 0 .095 
8 6 . 1 0 . 0 0 1 5 ,44^ 8^.6 O.O85 2 .192 79=9 O.55O 1.069 75 = 8 0 .699 0 .516 7 1 . 1 O.858 0 .115 
5 ^ . 8 O.0V7 3=477 3 4 . 0 0 . 2 8 c 2 .069 5 2 , 1 O.545 1.052 3 0 . 5 0 .795 0 . 5 6 1 2 9 . 5 0 .904 0 . 1 4 7 
1 6 . 7 0 .289 5 .124 1 5 . 9 0 ,514 1.940 1 5 . 3 0 ,699 1 .083 1 4 . 7 0 ,865 0 . 4 5 0 1 4 . 4 0 . 9 5 7 0 . 1 9 0 
100 7560 0 . 0 0 0 2 . 5 4 8 756o ' 0 , 0 0 0 1,906 7560 0 , 0 0 0 1,547 7550 0 ,005 0 .565 71.10 0 .282 0 . 1 5 1 
4100 0 . 0 0 0 2 . 4 2 6 4ioo 0 . 0 0 0 1,947 4 i o o 0 = 000 1.547 4o8o O.051 0 . 5 1 5 3^50 0 . 4 1 5 0 .152 
2140 0 . 0 0 0 2.52.4 2140 0 . 0 0 0 1=998 2140 0 . 0 0 0 1 c 542 2090 0 ,115 0 .454 1910 O.528 0 . 1 2 1 
1100 0 . 0 0 0 2 , 6 4 2 1.100 0 . 0 0 0 2 .056 1100 0 , 0 0 1 1,525 i o 4 o 0 , 2 4 7 0 .405 956 0 .625 0 .115 
554 0 . 0 0 0 ^ ^ r n - i tt = IQ±. •— 1 — ) , "1 "~>H- 0 , 0 0 0 " 1 1 1 "Z C 0 X.J-J c e o J J-- 0 , 0 1 8 1.282 en n 0 , 5 8 8 0 , ^72 
" - ~s 1 — 
47<S 
• 1 s 
0 .704 0 .115 
279 0 . 0 0 0 2 , 9 4 4 279 0 .002 2 , 1 5 7 274 0 .089 1.214 249 O.522 Oc553 255 0 .772 0 . 1 1 7 
8 6 . 1 OcOOl 3 = 189 eh* 7 0 . 0 8 0 2 . 1 5 0 6 0 , 1 0 . 5 4 0 ] . . 119 7 4 . 0 0 .692 0 . 5 6 0 7 1 . 2 0 .854 0 .156 
35=3 0 . 0 5 1 5*?36 54 c 0 O.285 2 .055 3 2 . 1 0 , ^ 4 0 1 .090 30 = 3 0 .792 0 ,592 2 9 . 6 0 .902 0 .162 
1 6 . 7 0 .299 2-995 1 5 , 9 0 ,516 1 .921 15 c 5 0 ,699 1.102 1 4 . 7 0 .865 0 . 4 4 8 1.4.4 0 .956 0 . 2 0 0 
200 7110 0 . 0 0 0 2 -529 7110 0 , 0 0 0 i c 8 y i 7110 0 . 0 0 0 1 .545 7I IG \J . UVAJ 
r\ 1-^7)1 
W , _j | - r r\ 0 Q 7 0 , l 6 ^ 
5820 0 . 0 0 0 2 . 1 9 5 5320 0 , 0 0 0 1,929 5820 OcOOO l>545 5790 0 .054 0 . 5 2 8 5490 o . 4 i 4 0 . 1 4 8 
1980 0 . 0 0 0 2 . 4 8 0 .1980 0 = 000 1.972 1980 0 , 0 0 0 1 .558 1950 0 . 1 1 7 0 . 4 7 8 I76O 0 .529 0 .159 
1010 0 . 0 0 0 c r: 7C 1010 0 . 0 0 0 2 , 0 1 8 101.0 0 .002 1,522 956 0 . 2 5 0 0 . 4 4 0 379 0 .625 0 .155 
509 0 . 0 0 0 2 . 6 8 0 509 0 . 0 0 0 2 .059 507 0 . 0 2 1 1 .-'8-7 463 0 , 5 9 0 0 .415 456 0 ,705 0 .155 
256 0 . 0 0 0 2 c 797 256 0 .005 2 . 0 8 8 2 5 1 0 ,096 1,256 228 0 ,524 o.4oo 216 0 .772 o , i 4 o 
79 = 0 0 ,002 2 . 9 5 2 7 7 . - 0 ,092 2 , 0 6 5 7^„° 
1 ^ °~ 
0 . 5 5 0 1,164 6 7 - 7 0 .696 o,4o4 65=5 0 .856 0 . 1 5 8 
52 06 0 .074 5.OO2 51 e 0 0 . 5 0 8 1 ,991 2 9 , 4 0 ,556 1,124 2 7 . 8 0 ,799 0 .426 2 7 . 1 0=905 0 . 1 8 1 
15 = 1 0 .554 2 . 8 5 1 1 ^ 0*552 i . 8 8 6 15 = 9 0,72.0 1 .121 15 .4 0 ,874 0 . 4 7 5 1 5 . 2 0.941. 0.21.6 
400 6660 0 /000 2 - 2 ^ 6660 0*000 1,864 6660 0 , 0 0 0 1,555 6660 0 .006 0 .595 6280 0 ,274 0 . 1 9 1 
3170 0 . 0 0 0 2 . 5 4 2 5170 0 . 0 0 0 i . 8 9 k 3170 0 , 0 0 0 1*334 5 l 4 o 0 ,042 0 .556 2890 0 . 4 2 8 0 .179 
VJl 
O 
Table 33 (Continued) 
r = OcO r = 0.2 r = 0.3 r = 0.4 r = 0.45 
Fc Pe /z T 
-Li 
u PeL/z T u PeT/z T u PeT/z 
-Li -Li 







6 9 . 
2 1 . 







1 1 . 
7560 
)i 1 n,r^ 
t ± u u 
2 l 4 o 
1100 
5 5 ^ 
172 
72, 





6 0 0 
259 
68, 
2 1 , 
11 , 
OoOOO 
0 . 0 0 0 
3 0 .005 
1 0 .225 
8 0 .492 
0 . 0 0 0 
0 . 0 0 0 
0 . 0 0 0 
0 . 0 0 0 
0 . 0 0 0 
1 0 .059 
1 0 .324 
1 0 . 5 5 3 
0.000 







9 0 . 4 0 9 
0 .000 
0 . 0 0 0 
0 . 0 0 0 
0 . 0 0 0 
0 .000 
,7 0 .002 
,2 0 . 1 7 7 
,8 0 .449 
2 . 4 1 4 
2 . 4 6 0 
2 . 4 7 9 
2 . 6 4 6 
2 . 5 6 1 
2 . 1 9 7 
2 . 2 0 7 






2 . 4 0 5 
o c m <~ »>-'-v 
2 . 6 4 7 





3 . 0 1 3 
2 . 5 2 4 
2 . 6 2 7 
2 . 7 7 7 
3 . 1 4 9 
3 = 529 
4 . 0 4 7 























2 1 . 6 









0 . 0 0 0 
0 . 0 0 0 
0 . 1 1 0 
0 . 4 4 3 
0 .644 
0 . 0 0 0 
0 . 0 0 0 
0 . 0 0 0 
0 . 0 0 0 
0 . 0 1 7 
0 .219 
0 .503 
0 . 6 8 0 
0 . 0 0 0 
0 . 0 0 0 
0 . 0 0 0 
0 . 0 0 0 
0 . 0 0 0 
o.oi4 
^ -1 -1 S 
U . l i D 
0.4.16 





0 . 0 0 3 
0 .130 



































2 l 4 o 
1100 
552 
0 . 0 0 1 
0 . 0 1 7 
0 O.369 
2 0 . 6 4 7 
1 0 .775 
0 . 0 0 0 
0 . 0 0 0 
0 . 0 0 0 
o.oi4 
0 . 1 6 0 
5 0 .457 
8 0 .679 
5 0 .796 

























5 9 ^ 
1 8 . 4 






3 7 . 0 
1 6 . 1 







0 . 3 6 1 
0 .704 
o.84o 




0 . 3 2 7 
0 . 5 6 1 
0 .745 
0 . 8 5 3 
0 . 9 0 7 
0 . 0 0 7 
0 .039 
0 .136 
0 . 2 8 0 
0 . 4 3 0 
2 .315 165 0 .205 1.079 150 0 . 6 1 8 
O Q Q E ; CS, O C-, h./^r7 n /"^li £ ~i c r\ T O O 
d~Z-^J UU . •- w.'rwi J_ . ww-r \j j_ . j wo \(—y 
2 0 . 5 0 .639 1 .039 1 9 . 6 0 . 8 3 8 
1 1 . 9 0 .752 1 .090 1 1 . 6 0 . 8 8 8 
4790 0 . 0 0 0 1.360 4760 0 . 0 3 0 
3030 0 . 0 0 0 1 .357 2970 0 .085 
1740 0 . 0 0 0 1.345 1670 0 .196 
597 0 . 0 2 1 1.2.46 547 0 .426 
252 0 . 1 3 0 1 .091 229 O.578 
6 2 . 6 0 . 4 2 9 O.951 5 8 . 3 O.74.1 
1 8 . 9 0 . 6 5 7 1 .020 1 8 . 1 0 .846 
1 1 . 0 0 .769 1.089 1 0 . 7 0 .896 
2 . 0 1 8 
1.902 
2 . 0 0 7 
2 . 0 6 1 
2.1.41 
2,300 




0 . 5 1 7 
0 . 5 0 3 
0 . 4 9 0 
0 . 4 9 0 








0 . 5 6 3 
0 .536 
0 A 6 6 
0 . 3 8 7 
0 . 3 2 1 
0 . 2 7 3 
0 .255 
r\ 0Q0 
W O t _ ^ C _ 
0.376 
0 .450 
0 . 4 6 1 









5 7 . 3 
1 8 . 0 




4 3 1 
122 
3 5 . 9 
1 5 . 8 








S J ° > 
1 9 . 2 






5 6 . 5 
1 7 . 8 














0 . 3 1 1 
0 .442 
0 .555 
0 . 6 4 8 
0 .727 
0 .819 
O . R 7 ! 







0 . 8 7 7 
0 .927 
0 . 9 5 1 
0 .175 






0 . 2 5 1 
0 .262 
0 . 2 7 7 
0 . 2 7 1 
0 . 2 6 1 
0 .273 
0 . 1 1 9 
0 .096 





0 . 1 5 8 
0.204 
0 . 0 8 3 
0 .069 
0 .056 
0 . 0 4 7 




Table 34. Velocity and Temperature Profiles for Gases at u /\i = 1. 
r = 0.0 r = 0.2 r = 0.3 r = 0.4 r = 0.45 
Fc PeL/z T pu PeL/z T pu PeL/z T p u PeL/z T p U PeL/z T 
x pu 






9 7 - 1 
3 0 . 0 








8 5 . 0 
2 5 . 4 















0 . 0 0 0 
0 . 0 0 0 
0 . 0 0 0 
0 . 0 0 1 
0 .134 
0 .505 
0 . 0 0 0 1 
0 .000 1 
0 . 0 0 0 1 
0 .000 1 
0 . 0 0 0 1 
0 . 0 0 0 1 
0 . 0 0 0 1 
o .oo4 1 


















8 4 i 664 
0 . 6 4 3 1 
0 . 0 0 0 1 
0 . 0 0 0 1 
0 . 0 0 0 1 
0 . 0 0 0 1 
o . o o o 1 
0 , 0 0 0 1 
o . o o o 1 
0 . 0 8 1 1 
0 . 5 7 1 1 
0 . 0 0 0 1 














,84 l 2360 
,771 1260 
6 7 1 656 









0 . 0 0 0 
0 . 0 0 0 
0 . 0 0 0 
0 . 0 0 0 
0 .006 
, i o . o 4 8 
,0 0 .329 
,5 0 .634 
0.000 
0 . 0 0 0 
0 . 0 0 0 
0 . 0 0 0 
0 . 0 0 0 
o . o o o 
0 . 0 1 0 
,2 0 .072 
,9 0 . 4 1 7 
• 7 0 .736 
0 . 0 0 0 
o . o o o 
0 . 0 0 0 
0 .000 
0 .000 
0 = 000 
o . o i o 
,0 0c232 
=3 0 .677 
0 , 0 0 0 


















1 = 573 
1.636 
1,632 
















9 7 . 1 
30 .O 








8 2 . 0 









4 2 . 8 








0 . 0 9 7 
0.240 
0 . 5 4 8 
0 . 7 6 0 
0 . 0 0 0 
0 . 0 0 0 
0 . 0 0 0 
0.000 
0.003 
0 . 0 3 0 
0 . 1 2 1 
0.282 
0 .612 
0 . 8 2 8 
0 . 0 0 0 
0 . 0 0 0 
0 . 0 0 0 
0 . 0 0 0 
0.003 
0.027 
0 . 1 1 0 


















-1 n O n 






















9 7 . 
3 0 . 



















4 i , 
1 3 . 
7900 
4580 
0 . 0 0 3 
0 .009 
0 . 0 3 0 
0 . 1 1 0 
0 .304 
0 .476 
1 0 . 6 1 1 
0 0 . 7 8 7 
5 0 .889 





r\ ~z£ 1 
KJ . JU-L. 
0 . 5 0 7 
5 0 . 6 4 1 
7 0 ,819 
5 0 . 9 2 1 
0 . 0 0 1 
0 .005 
0 . 0 2 7 
0 .087 
0 . 1 9 8 
0 . 3 4 0 
0 . 4 9 0 
4 0 .735 
0 0 . 9 0 0 











0 . 7 3 7 
0 . 7 4 7 
0 . 7 5 8 
0 . 7 7 3 
0 . 7 9 0 
0 . 8 1 0 
0 .829 
o . 8 4 o 
0 .802 
0 . 7 5 ^ 
0 . f55 
0 . 7 6 8 
0 .794 
0 . 8 2 7 
0 . 8 7 0 
0.92.1 
0 . 9 7 0 
0 .966 
0 . 8 1 8 
0 . 7 8 0 






































1 0 .812 
0 0 . 8 9 8 
5 0 . 9 4 7 
0 .112 




0 . 6 8 1 
0 . 7 6 1 
8 0 . 8 2 8 
5 0 .914 
5 0 .962 
r\ 1 -\ 1 
U o J-J.J-





0 . 7 5 1 
8 0 . 8 7 3 
9 0 .952 
0 . 0 9 8 
0 . 1 7 8 
0 . 3 8 0 
0 . 3 8 0 
0 . 3 8 0 
0 . 3 8 0 
0 .380 
0 .380 
0 . 3 8 0 
0 .380 
0 . 3 8 0 
0 . 4 03 
0 .409 
0 . 4 1 7 
0 . 4 2 8 
0 .442 
0 A 5 8 
0 . 4 7 0 
0 .475 
0 . 4 4 3 
o .4o6 
rs ), ^ n 
KJ .n- JA, 
0 . 4 4 7 
0 . 4 7 0 
0 . 4 9 8 
0 .530 
0 , 5 6 3 
0 . 5 9 1 
0 .569 
0 .455 




Table 34 (Continued) 
r = 0,0 r = 0.2 r = O.J r = OA r = 0.45 
Fc P e L /
z T P u P e i / Z T P u P e L / / z T p u P e L / / z T p u P e l / Z T p U 
400 2360 0.000 I .696 256O 0.000 1.487 236O 0.000 1.226 2350 0.022 O.856 2270 0.304 O.567 
1260 0.000 I .565 1260 0.000 1.14-09 1260 0.000 1.2114- 1250 0.071 0.921 1200 0.14-23 0.624 
586 0.000 1.332 586 0.000 1.278 586 o.ooi]- 1.209 572 0.189 1.028 514-6 0.557 0.703 
I7I4- 0.000 O.76I I.714- 0.010 1 = 018 172 0.089 1.274 165 O.kW 1.222 159 0.724 0.815 
5 1 . 1 0.114 0.477 5 1 - ^ 0.206 1.011 50 .3 0.393 1.376 48.5 0.694 1.224 47.6 0.853 0.776 
14 .1 0.612 1.379 13.9 O.699 1.431 13.8 O.793 1.327 13.6 0.902 0.910 13.5 O.953 0.527 
800 8270 0.000 1=740 8270 0.000 1=512 8270 0.000 1.225 8270 0.001 0.822 8190 0.075 0.562 
4710 0.000 1.636 4710 0.000 1.446 4710 0.000 1.206 4700 0.003 0.869 ^620 0.143 0.629 
2390 0.000 1.459 2390 0.000 1.334 2390 0.000 1.178 2380 0.015 0.954 2310 0.255 0.729 
n 4 o 0.000 1.176 n 4 o o.ooo 1=162 n 4 o 0.000 i . i 4 6 1130 0.061 I0O95 1090 0.393 0.862 
427 0.000 0.583 427 0.000 0.830 427 0.008 1.133 bi6 0.201 1.371 398 0.558 1.062 
190 0.002-0=152 189 0.010 0.486 188 0.059 1.205 181 0.366 1.633 17^ 0.676 1.215 
-100 9910 0.000 2.047 9910 0=000 1.711 9910 0.000 1.292 9910 0.001 0.705 9780 0.105 0.344 
6100 0.000 2.065 6100 0.000 1.723 6100 0=000 1.296 6100 0.003 O0698 5950 0.190 0=329 
2700 0.000 2=109 2700 0,000 1.752 2700 0.000 1.305 2690 0.031 0.677 2580 0=373 0.297 
1280 0.000 2.172 i?.8o 0.000 1.791 1280 0.000 1.315 1260 0.126 0.639 1200 0.524 0.267 
660 0.000 2=251 660 0.000 1=838 660 0.005 1=321 638 0.267 0.594 610 0.633 0.242 
336 0.000 2.358 336 0 = 000 1 = 897 334 0.040 1.314 3I8 0.422 O.547 307 O.7.2I 0.221 
1.59 0.000 2 .501 159 0.013 Ic9j>9 156 0.161 1.278 148 0 = 571 0.510 144 0.796 0,208 
02.4 0.002 2.630 31.6 0.076 1.982 79.0 0.325 1.236 75-7 0„683 0.499 74=2 0 ^ 9 0-^11 
25 .4 0.159 2.593 24=7 0.591 1.887 24 .0 0,612 1.222 23.5 0.824 O.56O 23.2 0.917 O.263 
10.9 0.575 2.267 10 = 7 0.696 1.776 10=6 0.806 1.255 10.5 0.911 0.646 10.4 0.958 0.325 
-200 7720 0.000 2c 1.13 7720 o.ooo 1,754 7720 0.000 1.306 7720 0.002 0.679 756o 0.162 0.297 
4^oo 0.000 2,166 4^oo 0.000 1.789 4300 0.000 1.317 4290 0.011 0.65.^ 4 i4o 0.295 0.259 
24 io 0.000 2=241 24io OcOOO 1*836 2410 0.000 1.329 2390 0.049 0.616 2280 0.432 0.216 
1210 0.000 2.367 1210 0.000 1 = 91:2 1210 0.000 1=342 l l 8 0 O.I63 0.544 1120 0.568 0.164 
6 4 i 0 = 000 2.524 6 4 i 0 = 000 2.002. 64o 0.007 1 = 346 615 0.314 0.464 590 0=668 0.120 
^12 0.000 2.750 V<2 0,001 2.116 309 0.057 1.320 293 0.477 O.379 284 0.753 0=081 
163 0.000 20984 163 0 = 012 2=210 159 O0.176 1.260 151 0,664 0.323 147 o .8 i£ 0.062 
44 .8 0.020 3.291 43«7 0.215 2=178 42.2 0.495 1.154 4o .8 0.772 0.345 40 .3 0.892 o . io4 
13.7 o . 4 i i 2.700 1^.4 0.591 1,924 13.2 0.745 1.213 13.0 0.884 0.531 12=9 0.9*5 0.241 
Table 35 • Velocity and. Temperature Profi les for Gases a t \x /|i = 1.5 
r = 0 . 0 r = 0 .2 r = 0 . 3 r = 0 . 4 r = 0 .45 
Fc P e T / z T pu P e L /
z T pu P e L / z T pu P e L /
z T pu P e L /
z T pu 
± O d 585O 0 . 0 0 0 1 .921 5850 0 . 0 0 0 1.625 5850 0 . 0 0 0 1=255 5860 0 .002 O.738 6O7O 0 .115 0 .442 
2800 0 . 0 0 0 1.897 2800 0 . 0 0 0 1.608 2800 0 = 000 1 .247 2810 0 .014 0=744 3010 O.225 O.470 
1290 0 . 0 0 0 1.865 1290 0 . 0 0 0 1.585 1290 0 = 000 1.234 1310 0 .064 O.763 1450 O.361 0 .504 
584 0 . 0 0 0 1 .821 584 0 . 0 0 0 1.552 585 o=oo4 1.218 6 1 7 0 . 1 7 1 0=797 696 O.498 0 . 5 3 7 
213 0 . 0 0 ^ 1.744 213 0 . 0 0 3 1.497 217 0 . 0 5 8 1.212 240 •0.361 O.852 2 7 1 0 . 6 4 7 0 . 5 6 3 
8 2 . 2 0 . 0 0 3 1.644 8 3 . 6 0 . 0 5 7 1.451 8 8 . 1 0 . 2 1 8 1 .240 100 0 . 5 4 7 0 . 8 8 8 i l l 0 .765 0 .562 
2 7 . 1 0 .179 1.593 2 8 . 5 0=327 1.477 30=7 0 . 5 1 0 1 .283 3 ^ - 1 0 .746 0=873 36=4 0 . 8 7 3 0 . 5 1 7 
13 c8 0 .515 1.704 1 4 . 4 0 . 6 1 8 1.547 1 5 . 2 0 = 733 1=294 16=3 0 = 868 0=821 1 7 . 0 0 .936 0 .462 
100 6060 0 . 0 0 0 1.875 6060 0 . 0 0 0 1=595 6060 0 . 0 0 0 1.244 6060 0 .002 0 = 754 6260 0 .102 0 .472 
284o 0 . 0 0 0 1.824 284o 0 . 0 0 0 1.560 2840 0 . 0 0 0 1.229 2850 0 . 0 1 2 0 . 7 7 0 3040 0 . 2 0 8 0 . 5 2 0 
1380 0 . 0 0 0 1.753 1380 0 . OOo 1=512 138O 0 . 0 0 0 1.209 1400 0 . 0 5 1 0 . 8 0 1 1540 0 .329 0=580 
602 0 . 0 0 0 1 .633 602 0 . 0 0 0 1.431 603 0 . 0 0 3 1 .180 632 0 . 1 5 1 0 . 8 6 7 7 i o 0 . 4 7 0 0=663 
Q m 
•— - • - < • 0 , 0 0 0 i=4Q2 215 0 , 0 0 3 1=285 219 0 . 0 5 3 1.155 2 4 1 0 = 335 0 . 9 9 0 271 0=624 0 . 7 7 0 
9 4 . 1 0.00*4- 1.134 95 »4 0 .046 1=144 99=7 0 . 1 8 1 1 .167 112 0 .499 1 .103 125 0 .734 0 .846 
28 = 9 0 .252 0 .894 3 0 . 1 0 .362 1.078 32=0 0 = 514 1 .233 3 5 - 3 0=736 1 .168 37 = 8 0 .866 0 . 8 3 0 
l 4 = 7 0 .614 1 .068 15 c l 0 .682 1=218 15=8 0 . 7 6 7 1 .288 16=7 0 . 8 8 1 1.069 17=3 0 . 9 4 1 0=691 
200 6 2 8 0 0 . 0 0 0 1.834 6 2 8 0 0 . 0 0 0 1=568 6 2 8 0 0 . 0 0 0 1=235 6290 0 . 0 0 1 0 . 7 6 8 6470 0=092 0 .499 
s^t—r-i s~\ 
a ( J-VJ KJ 0 KJKJKJ 
n <-?\—1 r^r-j-y r\ 
1 » | _ ; 1 f- | X W 
r\ nnn 
\J = V U U 
1.^12 2 r 710 0*000 1.212 2720 0-01? 0 .796 2890 0 . 2 0 3 0 . 5 7 0 
1350 0 . 0 0 0 1.645 1350 0 . 0 0 0 1 .441 1350 0 . 0 0 0 1.185 1370 0 . 0 4 8 o . 8 4 o 1500 0 .316 0=653 
596 0 . 0 0 0 1 .461 596 0 . 0 0 0 1,320 597 0 . 0 0 3 1.144 623 o.i4o 0 . 9 3 1 698 0=452 0 . 7 7 7 
185 0 . 0 0 0 1 .021 185 0 . 0 0 7 1 .051 188 0 = 065 1 .099 207 0 .345 1=145 233 0 . 6 3 0 0 . 9 8 8 
5 4 . 4 0 .085 0 ,404 55=9 0 . 1 7 1 0.755 53=9 0 .319 1=132 6 5 . 9 0 . 5 9 8 1 .391 7 2 . 2 0=790 1.149 
1 7 . 8 0 .489 0 . 1 6 1 1 8 . 6 0 .586 0.745 19=5 0 .699 1=271 2 1 . 0 0 .844 1.422 2 1 . 9 0 . 9 2 3 1.029 
13=2 0 . 4 9 8 -0 .008 1 3 . 8 0 .615 0.685 1 4 . 7 0=740 1=308 1507 0=874 1 .468 16=3 0=939 1 .038 
4oo 6520 0 . 0 0 0 1 .760 6520 0 . 0 0 0 1.520 6 5 2 0 0 . 0 0 0 1=217 6530 0=001 0 . 7 9 3 6 6 8 0 0 . 0 7 7 0 . 5 4 8 
2750 0 . 0 0 0 1.629 2750 0 . 0 0 0 1=432 2750 0 . 0 0 0 1 .183 2760 0 .009 
o = o44 
0=838 2910 
0 . 9 1 1 1410 
0 . 1 8 0 0 .652 
1280 0 . 0 0 0 1.443 1280 0 . 0 0 0 I..310 1280 0 . 0 0 0 1.139 1290 0=298 0 . 7 9 1 1—
1 
vn 653 0 . 0 0 0 1.202 6 5 3 O.OOv, 1.152 6 5 3 0 = 002 1=089 675 0=109 1 .023 750 0=406 0 .952 4 -
204 0 . 0 0 0 0 . 5 1 0 205 O.OO1^ 0=732 207 0 . 0 4 8 1.006 225 0 . 2 9 3 1.342 253 0 ,586 1 .311 
107 0 .016 -0 = 028 108 0 . 0 4 8 0.446 111 o . i 4 i 0=995 123 0 .419 1 .568 137 0 .676 1=512 
Table 35 (Cont inued) 
r = OcO r = 0 . 2 r = 0 . 3 r = 0 . 4 r = 0 .45 
Fc P e L / z T pu P e L / z T pu P e L /
z T pu Pe / z T pu Pe / z T pu 
800 5850 0 . 0 0 0 1.599 5850 0 . 0 0 0 1.419 5850 0 . 0 0 0 1 .180 5860 0 . 0 0 1 0 .845 5980 0 . 0 7 1 0 .652 
2620 0 . 0 0 0 1 .410 2620 0 . 0 0 0 1,287 2620 0 . 0 0 0 1 .131 2630 0 . 0 0 7 0 .914 2760 0 .156 0 . 8 0 1 
1320 0 . 0 0 0 1.147 1320 0 . 0 0 0 1.114 1320 0 . 0 0 0 1 .07b 1340 0 . 0 3 1 1.016 1440 0 .252 0 . 9 9 0 
5 6 1 0 . 0 0 0 0 . 6 3 1 561 0 . 0 0 0 0 .783 561 0 . 0 0 3 O.970 579 0 .102 1.239 639 0 .383 1.326 
210 0 . 0 0 3 - 0 . 3 4 5 210 0 . 0 0 8 O.I98 212 0 . 0 3 9 0 . 8 5 3 227 0 . 2 4 1 1.664 254 0 .534 1.844 
-100 8900 0 . 0 0 0 1.973 8900 0 . 0 0 0 1 .661 8900 0 . 0 0 0 1.269 8900 0 . 0 0 1 0 .722 9110 0 .076 o . 4 o i 
4860 0 . 0 0 0 1.975 4860 0 . 0 0 0 1.661 4860 0 . 0 0 0 1 .268 4860 o.oo4 0 .719 5100 0 .152 0 . 4 o 8 
2400 0 . 0 0 0 l c985 2400 0 . 0 0 0 1.665 2400 0 . 0 0 0 1.266 2420 0 . 0 2 3 0 .714 2630 0 . 2 7 1 0 . 4 1 3 
1270 0 . 0 0 0 2 . 0 0 3 1270 0 . 0 0 0 10675 1270 0 . 0 0 0 1.265 1300 0 .074 0 . 7 1 3 1450 0 .389 0 . 4 1 0 
650 0 . 0 0 0 2 . 0 3 7 650 0 . 0 0 0 1.692 6 5 1 0 . 0 0 3 1.264 687 0 .172 0 . 7 1 3 778 0 .506 0 . 3 9 3 
330 0 . 0 0 0 2 . 0 9 1 330 0 . 0 0 0 1.719 332 0 .025 1.267 364 0 . 3 0 1 0 .704 413 0 .612 0 . 3 5 7 
148 0 . 0 0 0 2 . 1 8 6 148 0 . 0 1 1 1.766 153 0 .114 1 .291 174 0 . 4 6 3 0 .669 194 0 . 7 2 0 0 .292 
0 = 012 2 . 3 1 4 5 5 , 4 0 .116 1.862 5 9 . 5 0 . 3 2 3 1 .330 6 7 . 7 o . 6 4 i 0 . 5 8 7 7 3 . 9 0 . 8 2 0 0 .204 
2 4 . 5 0 . 1 4 3 2 c 429 26 . 0 0 .316 1.953 2 8 . 2 0 . 5 2 0 1 .333 31-5 0 . 7 6 1 0 . 5 1 7 3 3 . 6 0 .882 0 . 1 5 7 
1 2 . 8 0 . 4 3 1 2 . 5 3 6 1 3 . 6 0 . 5 6 7 1.985 1 4 . 5 0 .709 1.302 1 5 . 6 0 . 8 6 1 0 . 4 9 1 1 6 . 3 0 .932 0 .162 
•200 9380 0 . 0 0 0 2 . 0 1 8 9380 0 . 0 0 0 1.690 9380 0 . 0 0 0 1 .280 9380 0 . 0 0 1 0 . 7 0 7 9610 0 . 0 7 8 0 . 3 7 1 
5000 0 . 0 0 0 2 . 0 4 1 5000 0 . 0 0 0 1.-704 5000 0 . 0 0 0 1.284 5010 o.oo4 0.696 5260 0 .162 0 . 3 6 3 
n r Q n 0 n,Qc 
C 0 K/'^/^ 
o c C n 
1— ; \J\J 
0 . 0 0 0 1.732 2580 n . 0 0 0 i .P90 ?6oo 0 . 0 2 3 0 .679 2840 0 .282 0 . 3 4 3 
124 0 0 . 0 0 0 2 . 1 6 9 1240 0 . 0 0 0 I . 7 8 3 124-0 0 . 0 0 0 1.302 1270 0 . 0 9 b 0 . 6 5 3 1^-30 0 .425 0 .296 
6 0 7 0 . 0 0 0 2 . 3 0 1 607 0 . 0 0 0 1.862 608 0 .004 1.316 649 0 . 2 1 0 0 . 6 1 3 74o 0 . 5 5 3 0 .215 
387 0 . 0 0 0 2 c 4 l 5 387 0 . 0 0 0 1.928 389 0 .019 1 .329 428 0 .302 0 . 5 7 1 ^88 0 .625 0 . 1 4 7 
vn 
Table 36. Velocity and Temperature Profiles for Gases at u /u - 2.0, 
r = 0 . 0 r = 0 . 2 r = 0 . 3 r - 0 .4 r = 0 .45 
Fc Pe / z 
XJ 
T pu Pe / z 
XJ 
T pu Pe / z 
Xj 
T pu P e L /
z T pu P e L / z T pu 
± 0 . 1 6 5 6 0 0 . 0 0 0 1 .883 6560 0 . 0 0 0 1-599 6560 0 . 0 0 0 1 .243 6560 0 . 0 0 1 0 .746 6770 0 .085 0 .465 
2770 0 , 0 0 0 1.846 2770 0 . 0 0 0 1 .571 2770 0 . 0 0 0 1 .228 278O 0 .012 0 . 7 5 3 2990 0 .194 0 . 5 1 0 
1360 0 . 0 0 0 1 .803 1360 0 . 0 0 0 1 = 540 1360 0 . 0 0 0 1=211 I39O 0 .049 0 .772 1550 0 . 3 0 7 0 . 5 5 7 
602 0 . 0 0 0 1.737 602 0 . 0 0 0 1=682 603 0 . 0 0 3 1.184 635 0 . 1 4 3 0 .815 736 0 . 4 4 1 0 . 6 1 7 
216 0 . 0 0 0 1=623 216 0o003 1.406 220 0 . 0 5 1 1 .163 247 0=317 0 . 8 9 3 292 0 . 5 9 ^ 0 . 6 7 8 
94 =6 0 .002 1.496 9 5 . 9 0 .039 1.334 109 0 .169 1 .178 118 0 .475 0 . 9 5 3 1^0 0 . 7 0 7 0 .705 
2806 0 . 1 6 9 1=387 3 0 . 3 0 . 2 9 8 1.335 33=2 0 . 4 6 3 1 .237 3 9 . 3 0 .699 0 . 9 7 1 4 4 . 9 o s 8 4 l 0 .655 
l U . 8 0 . 4 9 0 1.495 1 5 - 8 0 .582 1.419 1 7 . 2 0 . 6 9 3 1.272 19 = 7 0 . 8 3 8 0 .915 2 1 . 5 0 . 9 1 8 0.566 
100 6 3 2 0 0 . 0 0 0 1 .830 6320 0 . 0 0 0 1.564 6320 0 . 0 0 0 1 .230 6320 0 . 0 0 1 0 . 7 6 3 6510 0 . 0 8 1 0 . 5 0 1 
2910 0 . 0 0 0 1 .771 2910 0 . 0 0 0 1,522 2910 0 = 000 1=210 2920 0 .009 0 . 7 7 7 3110 0 . 1 7 3 0 . 5 5 7 
1310 0 . 0 0 0 1.680 1310 0 . 0 0 0 1.458 1310 0 = 000 1=180 1330 0 .046 0 . 8 1 1 1480 0 . 2 9 4 0 .642 
592 0 . 0 0 0 1.542 592 0 . 0 0 0 1=362 592 0 . 0 0 3 1 .137 622 0 .132 0 .879 715 0 . 4 2 1 0=752 
199 0 . 0 0 0 1.237 199 0 .005 1=156 203 0 .054 1 .078 227 0=313 1.032 267 0=587 0 . 9 4 0 
5 5 . 3 0 . 0 5 0 0 . 6 8 3 5 7 . 3 0 . 1 4 1 0=851 6 1 . 3 0 . 2 9 3 1=061 7 1 . 8 0 . 5 6 3 1 .271 8 4 . 0 0 .759 1 .167 
19 09 0 .556 0 .374 2 0 . 7 0 .605 0=737 21=9 0 .682 1 .131 2 4 . 7 0=815 1 .403 2 7 . 2 0 . 9 0 3 1 .161 
200 656O 0 = 000 1=785 6560 0 . 0 0 0 1 = 5 3 ^ 6560 0 . 0 0 0 1=219 6560 0 . 0 0 1 0 . 7 7 8 6730 0 . 0 7 1 0 . 5 3 0 
296O 0 . 0 0 0 1.704 2960 0 . 0 0 0 1.477 2960 0 . 0 0 0 1 .193 2970 0 . 0 0 8 0 .799 31^0 0 . 1 5 9 0 .602 
1320 0 . 0 0 0 1.574 1320 0 . 0 0 0 1.387 1320 0 . 0 0 0 1 .153 ! 3 ^ o 0 = 0 4 l 0=844 i 4 8 o 0 .276 0 .714 
628 0 . 0 0 0 1 .388 628 0 . 0 0 0 1=261 629 0 = 002 1=101 655 0 .115 0 .926 748 0 . 3 9 ^ 0 . 8 5 7 
203 0 . 0 0 0 0 . 9 1 8 203 0 .005 0 .952 206 0 ,049 1 = 008 229 0=291 1.142 268 0=565 1=156 
5 2 . 0 0.025 0 . 2 2 3 5206 0 .276 0=548 54 = 9 0=359 0 .956 62=6 0 = 573 1=454 7 2 . 5 0=756 1=485 
3 9 . 8 0 = 2 0 5 - 0 . 1 8 3 4 1 . 3 0 .286 0 = 333 ^ . l 0 . 4 0 8 0=948 5 l ° 0 0=629 1=632 58=5 0=790 1.632 
400 6 1 0 0 0 . 0 0 0 1.689 6100 0 . 0 0 0 1.470 6100 0 . 0 0 0 1=194 6100 0 . 0 0 1 0 .809 6250 0 .066 0=594 
2 6 8 0 0 . 0 0 0 1.559 2680 OoOOO 1=381 2680 0 = 000 1=156 2690 0 . 0 0 8 0 .845 2840 0=152 0=699 
1260 0 . 0 0 0 1,369 1260 0 . 0 0 0 1=251 1260 0 . 0 0 0 1=102 1280 0 . 0 3 7 0 . 9 1 0 i 4 o o 0 . 2 5 7 0=852 
652 0 . 0 0 0 1.116 652 0 . 0 0 0 l o 0 8 1 652 0 .002 1=036 675 0=094 1.012 760 O.356 1=041 
295 o . o o o 0 .656 295 OcOOl 0 .780 297 0 . 0 2 1 0 = 940 319 0 . 2 0 0 1 .208 368 0=474 1.345 
128 0 .007-O0I04 129 0 .029 0=311 132 0 . 0 9 8 0 . 8 1 8 148 0 .344 1.523 173 0=603 1.799 Mn 
Table yo (Continued) 
r = OcO r ^ 0 .2 r = 0 . 3 r - 0 .4 r = 0.4^ 
Fc P e L / z T pu P e L /
z T pu P e L /
z T pu P e L /
z T pu P e L /
z T pu 
800 6 1 0 0 0 . 0 0 0 1.534 6100 0 . 0 0 0 1.366 6100 0:.000 1.155 6100 0 . 0 0 1 0 .859 6210 0 .052 0 .696 
2860 0 . 0 0 0 1 .361 2860 0 . 0 0 0 1.250 2860 0 . 0 0 0 1 .107 2860 0 .005 0 . 9 0 9 2990 0 . 1 1 7 0 . 8 2 7 
1300 0 . 0 0 0 1 .068 1300 0 . 0 0 0 1.052 1300 0 . 0 0 0 1 .028 1310 0 .025 1.005 1420 0 .215 1 .051 
662 0 . 0 0 0 0.674 662 0 . 0 0 0 0 .789 662 0 . 0 0 1 0 .929 679 0 . 0 7 1 1.152 754 0 . 3 1 1 1 .338 
243 0 . 0 0 1 - 0 . 2 8 7 244 o.oo4 0.172 245 0 .025 0 .734 262 0 .189 1 .528 3 0 1 0 .459 1 .971 
•100 6 5 6 0 0 . 0 0 0 1 .938 6560 0 . 0 0 0 1.636 6560 0 . 0 0 0 1 .257 6570 0 . 0 0 1 0 . 7 2 8 6790 0 .094 0 .429 
2770 0 . 0 0 0 1.934 2770 0 . 0 0 0 1.630 2770 0 . 0 0 0 1 .251 2780 o.oi4 0 .725 3010 0 .212 0 . 4 5 1 
1360 0 . 0 0 0 1.938 1360 0 . 0 0 0 1.630 1360 0 . 0 0 0 1.244 1390 0 .056 0 .729 1570 0 . 3 3 0 0 .465 
6 7 8 0 . 0 0 0 1.956 678 0 . 0 0 0 1.636 6 7 8 0 .002 1.239 715 o . i 4 i 0 . 7 4 1 832 0 . 4 4 8 0 .462 
300 0 . 0 0 0 2 . 0 0 4 300 0 . 0 0 1 1.658 303 0 . 0 2 7 1.244 337 0 . 2 8 3 O.751 4 0 1 0 . 5 7 8 0 . 4 2 1 
108 0 . 0 0 0 2 . 1 1 8 109 0 .025 1.727 114 0 . 1 5 0 1.306 134 0 . 4 7 4 0 . 7 1 3 160 0 . 7 1 0 0 .295 
5 5 . 2 0 . 0 1 1 2 . 2 2 4 57.O 0o099 1.834 6 1 . 8 0 . 2 8 3 1 .373 7 4 . 1 0 . 5 9 1 0 .636 8 6 . 8 0 .782 0 .167 
•200 5890 0 . 0 0 0 2 . 0 0 4 5890 0 . 0 0 0 1.679 5890 0 . 0 0 0 1.274 5890 0 .002 0 .706 6160 0 .119 0 . 3 8 8 
2810 0 . 0 0 0 2 . 0 3 7 2810 0 . 0 0 0 1.699 2810 0 . 0 0 0 1.277 2830 0 .016 O-fnQ^ ^oon 
y _x _x - s ~ 
0 .232 n.^ftp 
1290 0 . 0 0 0 2 . 1 0 7 1290 0 . 0 0 0 1.742 1290 OoOOO 1.286 1330 0 . 0 7 1 0 .679 1520 0 . 3 7 1 0 . 3 4 8 
659 0 . 0 0 0 2 . 2 1 6 659 0 . 0 0 0 1.808 6 6 0 0 . 0 0 3 1.302 703 0 . 1 6 7 0 . 6 6 0 831 0 . 4 9 0 0 .275 
4 4 3 0 . 0 0 0 2 . 3 1 0 443 0 . 0 0 0 l c 8 6 5 444 0 . 0 1 1 1.319 487 0 .239 0 .639 582 0 .556 0 .204 
vxi 
-<] 
Table 37. Velocity and Temperature Profiles for Gases at |_i /u ~ 0.667 
r = 0 , 0 r = 0 .2 r = 0 . 3 ] c ^ 0 . 4 r = 0 .45 
Fc P e L / z T pu P e L / z T pu P e L / z T pu P e L /
z T pu P e L / z T pu 
± 0 . : L 4700 0c000 2 . 1 3 5 ^700 0 . 0 0 0 1.773 4700 0 . 0 0 0 1 .318 4670 0 .012 0 .676 3920 0 .349 0 .252 
1730 OoOOO 2 . 1 9 6 1730 0 . 0 0 0 1.813 1730 0 . 0 0 0 1.334 1610 0 .119 0 .616 1320 O.555 0 . 2 2 8 
762 0 . 0 0 0 2 . 2 6 7 762 0 . 0 0 0 1.861 760 o.oo4 1.349 645 0 . 3 1 3 0 . 5 4 8 55^ 0 . 6 7 7 0 . 2 2 3 
360 0 . 0 0 0 2 . 3 5 6 360 0 . 0 0 0 1.920 350 0 .049 1 .330 282 0 .484 0 .516 254 O.76I 0 .226 
165 0 . 0 0 0 2 . 4 8 3 I 6 3 0 .016 1.982 147 0 . 2 0 7 1 .243 122 0 . 6 2 9 0 ,512 114 0 .829 O.238 
8 3 . 6 0 .002 2 . 6 3 3 7 8 . 9 0 . 1 0 ^ 1.964 6 8 . 2 0 . 3 9 8 1.179 59o8 0 . 7 3 0 0 . 5 3 1 5 6 . 9 0 .873 0 . 2 5 7 
2 3 . 0 0 . 2 3 1 2 . 5 6 9 2 0 . 5 0 . 4 8 3 1.806 1 8 . 9 0 .684 1 .210 I.7.8 0 . 8 6 0 0 .612 17 .4 0 .935 O.309 
100 4460 0 . 0 0 0 2 . 0 6 6 4460 0 . 0 0 0 1.729 4460 0 . 0 0 0 1 .307 4430 0 .012 0 . 7 0 9 3740 O.336 0 . 2 9 3 
1690 0 . 0 0 0 2 . 0 7 3 1690 0 . 0 0 0 1.738 1690 0 . 0 0 0 1 .320 1590 0 .106 0 . 6 8 3 1300 0 .536 0 .282 
756 0 . 0 0 0 2 . 0 7 5 756 0 . 0 0 0 1.750 75^ o.oo4 1.341 648 0 .286 o . 6 4 i 553 0 . 6 6 0 0 .286 
336 0 . 0 0 0 2 . 0 8 0 336 0 . 0 0 1 1.777 327 0 . 0 4 9 1 .348 265 0 . 4 7 1 0 .622 238 0 .754 0 .296 
159 0 . 0 0 0 2 . 110 158 0 . 0 1 7 1.619 143 O0I96 1.299 119 0 .614 0 . 6 2 1 110 0 . 8 2 1 O.308 
8 2 . 2 0 . 0 0 3 2 . 2 0 1 77 .6 0 . 1 0 3 1.829 6 7 . 5 0 .384 1 .248 59 .O 0 . 7 2 0 0 . 6 2 9 5 6 . 1 0 .869 O.319 
2 2 , 6 0 . 2 5 7 2 . 3 3 3 2 0 o 0 . 4 9 0 
1 v r ^ -inn 1 . (ljO J-O.O u»ow+ 1 r^-7 O n r-7 1-7 X oCJU 1 | « | 0 .859 0 .656 1 7 . 3 O.935 0 ,339 
200 8080 0 . 0 0 0 2 . 0 1 6 8080 0 . 0 0 0 1.695 8080 0 . 0 0 0 I . 5 I 4 8070 0 .002 0 .729 7320 O.I75 O.345 
4410 0 . 0 0 0 2 . 0 0 0 4410 0 . 0 0 0 1.687 4 4 i o 0 . 0 0 0 1.295 4380 0 . 0 1 0 0 . 7 4 1 3720 O.316 0 .334 
1690 0 . 0 0 0 1 .958 1690 0 . 0 0 0 1.668 1690 0 . 0 0 0 L3O6 1600 0 .092 0 .746 1300 O.517 0 .334 
754 0 . 0 0 0 1.596 754 0 . 0 0 0 1*647 753 0 . 0 0 3 1 .331 654 o . 2 6 i 0 . 7 3 1 555 0 .644 0 . 3 4 8 
336 0 . 0 0 0 1 .813 336 0 . 0 0 1 1.634 326 o.o4^ 1.3b3 268 0 . 4 4 7 0 . 7 2 7 239 
rs r- ,1. n ^ -rf r 
U . f + X KJ ojhKJ 
169 0 . 0 0 0 1.7^7 168 0 . 0 1 3 1.652 154 0 .162 1.357 127 0 .589 0 . 7 3 1 1.18 O.808 0 .379 
5 1 , 2 0 . 0 3 8 1.912 4 6 . 1 0 , 2 3 1 1.698 4 o . 9 0 . 4 9 3 1.289 3 6 . 8 0 . 7 7 1 0 .716 3 5 . 4 0 . 8 9 3 O.377 
1 8 . 1 0 .374 2 . 1 2 6 1 6 . 7 0 .562 1.707 1 5 , 7 0 .726 1.262 1 4 . 9 0 . 8 7 7 0 . 6 9 7 14 06 0 . 9 4 3 0 ,366 
4 00 7720 0 . 0 0 0 1 .93^ 7720 0 . 0 0 0 1.642 7720 0 . 0 0 0 1 .277 7710 0 . 0 0 2 O.766 7050 O.159 0 .403 
3910 0 . 0 0 0 1,874 3910 0 . 0 0 0 1.607 3910 0 . 0 0 0 1.274 3890 OoOll 0 . 8 0 1 3320 0 . 3 0 8 0 .409 
1500 0 . 0 0 0 1 .741 1500 0 . 0 0 0 1.537 1500 0 . 0 0 0 1.282 1420 0 .089 0 . 8 5 8 1160 O.505 0 .434 




T a b l e 37 ( C o n t i n u e d ) 
r = 0 . 0 r = 0 . 2 r = 0 . 3 r - 0 . 4 r = 0.4-5 
Fc P e L / z T pu P e L /
z T pu P e L / z T pu P e L /
z T pu P e L /
z T pu 
4 00 558 0 , 0 0 0 1.552 558 OoOOl 1.382 552 0 .032 1.376 275 0 .404 0 . 9 2 1 242 0 . 7 1 8 0 .496 
170 OoOOO 1.113 169 0 .012 1 .351 157 0 ,134 lo435 129 0 .554 o » 9 4 l 119 0 . 7 9 0 0 .515 
5 0 . 4 0o066 1.243 46 o2 0 . 2 3 0 1.511 4 1 . 3 0 . 4 7 1 1 .381 3 7 . 1 0 .756 0o863 3 5 . 5 0 .886 0 . 4 7 3 
17=8 0 .415 10867 1606 0 . 5 7 8 1.636 15 = 7 0 . 7 5 0 1.292 1 4 . 9 0 . 8 7 8 0 .754 1 4 . 6 0 . 9 4 3 o .4o6 
800 6 9 5 0 OoOOO 10778 6950 0 . 0 0 0 1.543 6 9 5 0 0 , 0 0 0 1 .247 6 9 4 0 0 , 0 0 1 0 . 8 5 3 6 4 i o 0 . 1 4 3 0 . 5 1 1 
4 2 5 0 OoOOO 1.687 4250 0 . 0 0 0 1.487 ^250 0 . 0 0 0 1 .238 4230 0 .006 0 . 8 8 4 3730 0 .236 0 . 5 4 0 
2150 OoOOO 1.514 2150 0 .000 1*387 2150 0 . 0 0 0 1.229 2110 0 . 0 3 0 0 . 9 8 0 1770 0 ,382 0 .585 
776 OcOOO 1.103 776 0 . 0 0 0 1.171 775 0 . 0 0 1 1.254 709 0 . 1 6 1 1 .151 589 0 .564 0 ,672 
34 0 0 . 0 0 0 0 . 5 8 1 340 0 . 0 0 1 0.945 ^6 0 . 0 2 1 1 .363 285 0 . 3 3 7 1.275 247 0 .679 0 , 7 4 3 
170 0 .002 0 . 0 3 3 169 0 . 0 1 3 0 .807 161 0 .098 1.522 133 0 .494 L 3 3 8 120 0 . 7 6 0 0 . 7 8 0 
155 0 . 0 1 3 -0 .060 134 0 . 0 2 9 0.816 126 0 o l 4 4 1.556 105 0 . 5 5 7 1=329 95=6 0 . 7 8 1 0 . 7 7 3 
-100 4970 OoOOO 2o208 4970 0 . 0 0 0 1.319 4970 0 , 0 0 0 1.330 4040 0 .012 o . 6 4 i 4 l i o O.366 0 , 2 1 0 
1760 OoOOO 2o334 1760 OoOOO 1=395 1760 OoOOO 1.348 1630 0 o l 3 8 0 . 5 4 0 1330 0 . 5 7 7 0 .172 
Y69 OoOOO 2 . 4 8 2 769 OcOOO 
1 /sO-y 
-L.yU? ( O U 
n nnc w 0 u v y 1.353 6 4 1 n ^kc; n l k f i s^c; 
^ v . . w j> s S 
0=696 0 ,157 
5 6 1 OoOOO 2o66o 361 0 . 0 0 1 2 . 0 7 7 5^9 0o059 1 .301 280 0o515 0 .4o4 254 0 .777 0 .155 
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